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ABSTRACT

DESIGN AND SYNTHESIS OF TRIAZENE-SUBSTITUTED PUSH-PULL
DYES USING FORMAL [2+2] CYCLOADDITION-
RETROELECTROCYCLIZATION REACTIONS

Mammadova, Flora
Master of Science, Chemistry
Supervisor : Assist. Prof. Dr. Cagatay Dengiz

JANUARY 2022, 144 pages

Conjugated push-pull chromophores are valuable due to intramolecular electron
charge transfer band (ICT), second and third order nonlinear optical properties.
These extraordinary features allow to use them in the area of optoelectronics where
advanced applications are possible. Organic light emitting diodes (OLEDs), solar
cells, organic field effect transistors (OFETS) are some examples. Synthesis of push-
pull  chromophores is possible by click-type [2+2] cycloaddition-
retroelectrocyclization (CA-RE) reactions. In this thesis, triazene-substituted
terminal and non-terminal alkyne substrates are used as electron-donors which react
with strong electron-acceptors TCNE and TCNQ. Optoelectronic properties of
obtained push-pull dyes are characterized via UV/Vis spectroscopy and theoretical

calculations.

Keywords: [2+2] cycloaddition-retroelectrocyclization, push-pull chromophores,

triazene, optoelectronics.



0z

IT-CEK TiPi BOYALARIN KLIiK-TiPI [2+2] SIKLOKATILMA-
RETROELEKTROSIKLIZASYON TEPKIiMELERiI ARACILIGIYLA
DIZAYNI VE SENTEZi

Mammadova, Flora
Yiksek Lisans, Kimya
Tez Yoneticisi: Dr. Ogr. Uy. Cagatay Dengiz

OCAK 2022, 144 sayfa

Konjuge it-¢ek tipi kromoforlar, molekiil i¢i yiik transfer 6zelligi, ikinci ve tigiinci
mertebe dogrusal olmayan optik 6zellikleri nedeniyle oldukca degerli bilesiklerdir.
Bu ozellikler, gelismis uygulamalarin miimkiin oldugu optoelektronik alaninda
kullanilmalarina imkan verir. Organik 151k yayan diyotlar (OLED'ler), giines pilleri,
organik alan etkili transistorler (OFET'ler) bu bilesiklerin kullanim buldugu
orneklerden bazilaridir. It-gek tipi kromoforlarin sentezi, klik-tipi [2+2]
siklokatilma-retroelektrosiklizasyon tepkimeleri ile mumkinddr. Bu tezde, triazen
ile tiirevlendirilmis terminal ve terminal olmayan alkinlerin, giiclii elektron gekiciler
TCNE ve TCNQ ile tepkimeleri incelenmektedir. Elde edilen it-¢ek tipi boyalarin
optoelektronik 6zellikleri UV/Vis spektroskopisi ve teorik hesaplamalar ile

caligilmistir.

Anahtar Kelimeler: [2+2] siklokatilma-retroelektrosiklizasyon, kromofor, triazen,

optoelektronik
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CHAPTER 1

INTRODUCTION

Organic chemistry allows designing, synthesizing, and improving different
types of molecules to be used in a wide range of areas. Extensive studies have
demonstrated that organic structures have optical, photoelectric, and electrical
properties in their solid states.! The control of morphology, modifiability of chemical
structures, and electron flow of advanced organic structures make them great
candidates for application in electronic and optoelectronic devices. In addition to
these properties, low fabrication costs and easy processing increased the interest in

organic electronics in the last 50 years.?

Push-pull chromophores possess distinguished charge-transfer abilities, and
that being the case, they have recently become the subject of attention. The
fundamental molecular structure of push-pull chromophores possesses a strong
electron donor part (D), and electron acceptor part (A) are connected through a -
conjugated spacer.® Push-pull chromophores are essential and desired structures for
their optoelectronic properties in molecular and oligomeric* and polymeric
platforms.® Intense intramolecular charge transfer (ICT) bands,®” second and third-
order nonlinear optical properties,®°% absorption and emission properties that lead
to bathochromic shift,!! tuning ability? are characteristics for the popularity of push-
pull chromophores. These salient properties of push-pull chromophores make them
promising candidates for optoelectronic and electronic applications,**® such as in
solar cells,***® organic light-emitting diodes (OLED)®®. ICT properties of push-pull
chromophores result in a small Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) gap in the structures, and tunability

of the gap allows increasing application areas of these types of molecules.t”*

1



HOMO-LUMO frontier orbital energies can be calculated using computational
chemistry methods and further approved by electrochemical methods such as cyclic
voltammetry (CV).1° Photophysical properties of push-pull chromophores can be
investigated by considering absorption maxima (Amax) Values obtained from UV-Vis

spectroscopy measurements.?%2!

More than one structural key point affects ICT properties of push-pull
chromophores, such as conjugation type, planarity, attached functional groups, the
capability of electron donor and acceptor parts in the structure.® In this thesis, all

these features will be investigated meticulously to give a clear idea.

Diverse synthetic methods can be used to obtain push-pull chromophores
based on desired molecular structure types. Many of them contain cross-coupling
reactions which require a large volume of solvents and the usage of toxic metals.??3
Besides, problems such as long reaction times, and high costs made researchers look
for new methods to synthesize chromophores. Click chemistry covers complete
environmentally friendly reactions with short reaction times, and in this thesis, click-

type reactions have been used to prepare targeted structures.?*

Click-type [2+2] cycloaddition (CA) and [2+2] cycloaddition-
retroelectrocyclization (CA-RE) reactions are widespread methods to utilize for the
synthesis of push-pull chromophores. These reactions are facile, cost-effective, and
environmentally friendly, easy to purify and can be performed at ambient
conditions.?* The previously mentioned characteristics of click-type [2+2] CA and
[2+2] CA-RE reactions motivated us to select and use them as our synthetic routes

to obtain push-pull chromophores.



1.1 Conjugated Push-Pull Chromophores

Three types of conjugation can be encountered in the synthesis of push-pull
chromophores, homoconjugation, spiroconjugation, and z-conjugation.
Homoconjugated push-pull chromophores are separated by a spacer that is not
conjugated (Figure 1). Spiroconjugation is a special case of homoconjugation with

mutually perpendicular 7 electron systems that are connected. (Figure 1).2°

O 2 P
gty 3o

Spiroconjugation Homoconjugation m-conjugation

Figure 1. Representations of spiroconjugation, homoconjugation and z-conjugation.

In z-conjugated systems, donor and acceptor groups are conjugated
through 7 electrons, alternating single and double or triple bonds (Figure 1). For each
system, similar reactions are used to synthesize the desired molecule, but those
molecules might have distinct electronic properties due to differences in electron
delocalization or interactions. Conjugation type and length have a controlling impact
on the properties of push-pull chromophores.?® Herein, we will be focusing on the
synthesis and analysis of z-conjugated and homoconjugated push-pull

chromophores.

1.2 Non-planar Push-Pull Chromophores

Planar and non-planar push-pull chromophores can differ in their electronic
and physical properties, such as solubility, sublimation ability, and thermal
stability.?’



It was assumed that molecular planarity is essential to obtain perfect electron
charge transfer, but this idea was disproved by Diederich research group. There are
many reported works on this issue.?#2°3° Diederich and co-workers have done
remarkable research related to the effectiveness of non-planar push-pull
chromophores, and they have revealed that the physical properties of well-designed
non-planar chromophores can predominate their planar-analogs.?® The following
DMA-substituted structures are examples of planar 4-(4-
(dimethylamino)phenyl)but-1-en-3-yne-1,1,2-tricarbonitrile ~ (1),%  2,3-bis((4-
(dimethylamino)phenyl)ethynyl)fumaronitrile (2),3! and non-planar 3,3 4,32 53%
push-pull chromophores, respectively (Figure 2). The synthesis of non-planar push-
pull chromophores is the main focus of this thesis. Comprehensive research on planar
and non-planar push-pull chromophores proves their outstanding optoelectronic
properties via  UV/Vis spectroscopy, reduction potential (HOMO-LUMO gap)

measurement by cyclic voltammetry, and computational chemistry.

£
(5,

Figure 2. Planar 1,2 and non-planar 3,4,5 push-pull chromophore examples.
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1.3 Click Chemistry

Click chemistry is a term that was entered into organic chemistry literature
by K. Barry Sharpless in 2001.2 According to the work, there are several criteria to
call the reaction “click-type”. Atom economy, variety of scope, efficiency, high
reactions yields, no byproducts, or generation of harmless byproducts that can be
removed easily are some of them.?* Besides, mild reaction conditions such as room
temperature, using nontoxic solvents or neatly performed reactions, and using no
catalyst make a reaction to being called a “click” reaction. It is better to use simple
methods for the purification process, such as distillation and crystallization.?4]
Because of all points mentioned above, click-type reactions are desired and

researched in organic chemistry.

In the same paper and their following works, Sharpless et al. describe several
click-type reactions and the growing impact on different areas.®?3% CA reactions
(1,3-dipolar CA, Diels-Alder transformations), ring-opening reactions of strained
heterocyclic electrophiles, oxidative cases of addition reactions can be a
generalization of reactions for these reaction types. CA reactions represent click-type

reactions clearly, especially the ones with heteroatoms.

1.3.1 Huisgen Dipolar CA Reaction

As previously mentioned, 1,3-dipolar CA reactions are very popular as an
example of click chemistry.® The following scheme describes Huisgen dipolar CA
reaction between bis(azide) 6 and alkyne 7, which provides access to a five-
membered ring bis(triazole) 8 (Scheme 1).2*



N=N

\

MeO,C—=—=—CO,Me
i MeO,C “y
N3 toluene, 95 °C, 5h 2 l\{/’\rCOZMe

90% N=N

Scheme 1. Azide-alkyne 1,3-dipolar CA reaction.
1.3.2 Diels-Alder Reaction

Diels-Alder is [4+2] type pericyclic CA reaction. It is another example of CA
reactions that are supposed to be a good candidate for click-type reactions according
to Sharpless.?* In 1928, Otto Diels and Kurt Alder reported a reaction between
cyclopentadiene 9 and quinone 10 providing monoadduct 11 which was then
transformed to diadduct 12 (Scheme 2).2® The discovery of Diels-Alder reaction
advanced scope of pericyclic reactions that are used in total synthesis of natural
products.®” Additionally, Diels-Alder click chemistry has been used in polymer

synthesis in later years.38:3°

O H(l) H O H
@ ¢ [Diels-Alder] E'jf’; [Diels-Alder] l,‘e
H A
(0] O O

9 10 1 12

Scheme 2. Discovery of Diels-Alder reaction.

[4+2] Retro-Diels Alder reactions, such as the reaction between trans-
cyclooctane 13 and tetrazine 14, are also click reactions. It occurs at 25 °C and is

completed after 40 minutes. The only by-product is N2, and the reaction occurs in



water with a high quantitative yield which is desired property of a click-type reaction
(Scheme 3).40

7
NN
N= N,
H N N -
} N 25 °C, 40 min.
N— oxidation
\ 7/
13 14 15

Scheme 3. [4+2] Retro-Diels—Alder reaction of trans-cyclooctene and tetrazine.

Besides aforementioned well-known click reactions, [2+2] CA and [2+2]
CA-RE reactions are click-type reactions that allow trouble-free access to the
synthesis of push-pull chromophores*! and this will be the principal focus of this
thesis.

1.4 Reactions for the Synthesis of Push-Pull Chromophores

Push-pull chromophores can be obtained by using many synthetic pathways
and reaction types. Knoevenagel condensation,*? Claisen-Schmidt condensation,*
Horner-Wadsworth-Emmons reaction,** and cascade pericyclic reactions such as
[2+2] CA-RE,* [4+2] hetero-Diels—Alder (HDA) reaction*’ are common reactions
to generate desired chromophores. Among the examples mentioned earlier,
pericyclic reactions attract considerable attention because of mild reaction

conditions, high selectivity, a broad scope, and atom economy.*® In this



thesis, we have utilized [2+2] CA and [2+2] CA-RE reactions to obtain intended

push-pull chromophores.
1.5 [2+2] CA Reactions and Woodward-Hoffman Rules

In 1965, R. B. Woodward and Roald Hoffmann published a paper explaining
stereochemistry of electrocyclic reactions.*® In the same year they reported two more
papers named “Selection Rules for “Concerted Cycloaddition Reactions” and
“Orbital Symmetries and endo-exo relationships in Concerted Cycloaddition
Reactions”.*** In these papers, Woodward and Hoffmann explained the mechanism
of CA reactions and their relation with orbital symmetry. They derived “selection
rules” for concerted CA reactions to occur. According to a published paper [4+2]
reactions are thermally allowed, while [2+2] reactions are forbidden.*®*! [2+2] CA
reactions are possible only under photochemical conditions.*® The orbital symmetry
is a crucial factor for CA reactions, and preservation of it is decisive for the outcome
of the reaction. This is related to the overlapping of HOMO and LUMO. In the
following figure, HOMO and LUMO do not overlap. In a thermal [2+2] reaction,
electron of m orbital has to be transferred to o*, which has very high energy.*
According to Woodward-Hoffmann rules, overlapping HOMO and LUMO is

possible when one of the reactants is excited photochemically (Figure 3).5

s = L =+l

Lumo —3—§— 4§ Lumo
i |

| //
1 ! 1

' | —— §:§ -
1 ! Ay

Homo -9 9 H HOMO

Figure 3. Thermally forbidden [2+2] CA reaction.



There are many examples of [2+2] photochemical CA reactions between two
groups, enone-alkene and alkyne-alkene.>?53% Scheme 4 is a general representation
of [2+2] CA reactions. When alkenes with 16 and 17 with different R groups reacts
cycloadduct 18 forms (Scheme 4). The second is the representation of the reaction
of alkene 16 with alkyne 19 resulting in cycloalkene 20 (Scheme 4).

R! R3 R! RS
hv
|- —_—
R? R4 R? R4
16 17 18
5
R! R hy R, RS
b — I
R? RO R; R®
16 19 20

Scheme 4. [2+2] photochemical CA reactions.

In 1962, Eaton and co-workers published a paper about the reaction between
enone and alkene. They revealed the photodimerization of enone 21 in 24 hours to
obtain 22 in Head to Tail (HT) and 23 Head to Head (HH) fashion (Scheme 5).5455:%6
When 21 reacts with 24 formation of 25 is observed.

hV >300 nm
pyrex chamber

24 h

OHHO

21

0 Q HH
O Q= &Q

_w |

HHA

25

Scheme 5. Photodimerization and CA of cyclopentenone.
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In 1964, Corey and co-workers reported a paper investigating regio-control
of photochemical reactions systematically.>” The paper contains pieces of
information about photochemical CA reactions of 2-cyclohexenone with substituted
olefins, such as isobutylene, 1,1-dimethoxyethylene, benzyl vinyl ether, and vinyl
acetate. Subsequently, Cantrell et al. investigated and reported photocycloaddition
reactions of some 3-substituted cyclohexenones and B-substituted enones.>®%
Photochemical reaction between 3-methyl cyclohexanone 26 and 1,1,-
dimethoxyetylene 27 yields products 28 and 29 along with other minor products, and
acetal hydrolysis of the products with methoxyls at C-7 gives product 30 at the end
(Scheme 6).

(0] o}
0 OCH,
hv OCH3
/U\ —_— OCHs
CH;  HyCO~ “OCHg &H, OCH; EH,
26 27 28 29

(0]

CR

CH, O
30

Scheme 6. Products from the reaction of 3-methylcyclohexanone with 1,1-

dimethoxyethene.

Years of research and the discovery of potential of the photocycloaddition
reactions gave rise to use of them in the synthesis of natural products. E.J. Corey is
the first researcher demonstrated total synthesis of d,I-Caryophyllene and d,I-
Isocaryophyllene by photochemical CA reaction.®® After this early work, many
groups followed the same strategy to synthesize natural products. Total synthesis of

(+) Grandisol 31,%° B-Bourbonene 32,5 () Hippolachnin A 33,%2 spatane diterpenes
10



e.g. spatol 34,5 are some of natural products that contain  photocycloaddition

reactions in their synthetic pathway (Figure 4).

OH

31 32 33 34

Figure 4. Natural products — grandisole, hippolachnin, spatol, and -bourbonene

synthesized via photochemical CA reactions.

1.5.1 [2+2] Thermal CA Reactions

The possibility of [2+2] CA reactions under only UV light was disproved by
Reinhoudt in 1974.54 During their investigation about thermal [2+2] CA reactions,
Reinhoudt manifests many reactions occurring under thermal conditions depending
on functional groups (Scheme 7). In Scheme 7, a formation of two ¢ bonds has been
shown between two alkene-containing structures, and cyclobutene formation

achieved via reaction of alkene and alkyne (Scheme 7).%*

Mechanism of thermal [2+2] CA reactions was another issue that needed to
be solved. According to Epiotis if one of the reactants is electron-rich and the other
one is electron deficient, activation energy will be lowered.®*®® This pioneering
discovery led many researchers to dive into the area and to look for more reactions
to widen the substrate scope for thermal [2+2] CA reactions. There are many
examples of thermal [2+2] CA reactions between two groups, such as alkyne and

allene %57 alkene, and allene.58
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Scheme 7. General representation of cyclobutane and cyclobutene formation

starting from alkenes and alkynes.

In 2010 Diederich and co-workers reported reaction between 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) 36 and acetylenic precursors 35 giving
homoconjugated chromophores (Scheme 8).%° Interestingly, upon heating of
cycloadduct 37 at 80 °C in DCE, the formation of product 39 is discovered by the
same group (Scheme 8). In the same year, Trofimov et al. informed about CA
reaction between DDQ and alkyne as well,” followed by rearrangements of obtained
[2+2] cycloadducts.™

NC Cl M ] -
~n N N7 |
N NC Cl l O
DCE

~
g cN. T CN | /™

DCE, 25°C R 0 O s80°C O CN
l ’ NC o o)
i) NC cl NG AN A~0

o of cl Cl
Cl Cl cl

35 37 38 39
R=H, CHj, CN

Scheme 8. Reaction between N,N-dialkylanilino derivatives and DDQ.

1.6  [2+2] CA-RE Reactions
As mentioned before, [2+2] CA-RE click reactions are an efficient and facile

method for synthesizing push-pull chromophores. The reaction between electron-

12



rich alkyne and electron-deficient alkene occurs via the formation of cyclobutene
ring followed by ring-opening retroelectrocyclization reaction (Scheme 9). Scheme
9 describes CA-RE reaction of alkyne 40 with tetracyanoethylene (TCNE) 41 and
7,7,8,8-Tetracyanoquinodimethane (TCNQ) 44. During the course of reaction
unstable cyclobutene intermediates 42 and 45 are formed. Even though [2+2] CA-
RE reactions are scrutinized for decades, the exact reaction mechanism stays still
unknown. The most intriguing question is related to the formation of cyclobutene

structure that occurs via concerted or in two-step process.

N NC_ _CN
R NC_ _CN NCC R |
‘ —_— —_— R
Il NC EDG
NC” “CN nd EDG |
EDG NC” “CN
40 M 42 43
NC._ CN i R NC ) EDG
R | NC = ’
. Q EDG N
! — "0
EDG | | |
NC~ “CN . Ne en NC” “CN
40 44 45 46

EDG : Electron Donor Group

Scheme 9. General representation of [2+2] CA-RE reaction using electron-rich

alkynes and electron-poor alkenes.

In 2007, Diederich and co-workers published a seminal paper proposing a
mechanism for thermal [2+2] CA-RE transformations.”>">™ According to the
proposal, reaction initially proceeds via zwitterionic or biradical intermediate species

(Scheme 10).
13



/ NC~2'CN
NC—GCN
CN
47 M 48
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CN
\ /) — \ CN
) / CN
NC NC CN
CN
49

50

Scheme 10. [2+2] CA-RE reaction mechanism via zwitterionic intermediate.

The first discovery of [2+2] CA-RE dates back 1981. Bruce and co-workers
reported a reaction between electron-rich ruthenium-acetylide complex 51 and
TCNE 41 as an example of [2+2] CA-RE to synthesize organometallic 1,1,4,4-
tetracyanobuta-1,3-diene (TCBD) derivative 53 (Scheme 11).”

M NC. _CN
NC._ _CN NG m |
NC
Il | — —  Rw
NC” > CN NC |
R
R NC NC” CN
51 4 52 53
M: Ru, W, Fe, Ni
CNLD CNLD CND
NG RU=PPh NC \\02%59 NGO
NC NC NC
N Zph Zph
CN CN CN
54 55 56

L: PPh3 or CN{Bu

Scheme 11. Reaction between metal-substituted acetylides and TCNE to obtained

TCBD products.
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Besides, ruthenium 54, tungsten 55, and iron 56 complexes are among the
synthesized organometallic TCBD derivatives. This pioneering work led to further
investigations on this area and revealing the possibility of [2+2] CA-RE reactions
between many other electron rich alkynes and electron poor alkenes. Takashi and
co-workers reported a paper in 1999 to describe reaction with Pt(Il) acetylides and
TCNE 41 (Scheme 12).”% u-Ethynediyldiplatinium complex 57 was treated with
TCNE 41 under reflux for 5 hours in benzene, and the products were in cis 58 and
trans 59 forms. Structures were confirmed by spectral analysis and X-ray diffraction

data.’®

NC._CN

I CN NC_ _CN

Cl(MeP),Pt—=—Pt(PMe;),Cl ———= 17 + Cl(ELP) Pt Pt(PMes),Cl
benzene Pt(PMe3),Cl |

reflux, 5 h CN NC CN

57 58 59

Scheme 12. Reaction between Pt(I1) acetylide and TCNE.

In 1995, research group of Jen reported the first fully organic TCBD
structure.”” Later, Sutter followed this initial approach by describing the synthesis
and characterization of bithiophene-containing chromophoric structures.’
Yamashita and co-workers is another research group that reported D-n-A type
systems before 2005.7 In their work, electron donor compounds containing 1,3-
dithiol-2-ylidine units react with an electron-deficient alkene TCNE at room
temperature to synthesize desired donor-acceptor chromophores in good yields (45-
85%). The figure shown below describes TCBD products that were obtained by
Yamashita group via reaction between acetylene containing 1,3-dithiol-2-ylidene
derivatives with cyano-rich alkene TCNE (Figure 5).”° Products 60 and 61 are
examples of mentioned TCBD structures. (Figure 5).

15



NC._CN NC.__CN
s R | S R |
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NC~ CN VoS
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R: H or Ph

Figure 5. 1,3-dithiol-2-yldine containing TCBD products.

In 2005, Diederich and co-workers focused on synthesis of push-pull
chromophores via thermal [2+2] CA-RE reactions by controlling reactivity of
alkynes. The following Scheme 13 describes reaction between dimethylanilino
substrates 35 and TCNE 41 to obtain 1,1,4,4-tetracyanobuta-1,3-diene derivatives
62a, 62b, and 62c, in high yields (96-100%).8°

NC
/ / H
3 NC
0(\\’\ CN
o 62a (97%)
rLQ

NC.__CN

NC”~ "CN

41

R: H \N@é N@—%§ 62¢ (100%)
Y /

Scheme 13. Reaction between DMA-substituted alkynes and TCNE.
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These reactions are usually conducted at room temperature, in mild
conditions, by using nontoxic solvents or with no solvent and absence of by-products
are great advantages. These characteristics make them to be regarded as “click-type”
reactions.?**! Starting from 2005, Diederich group synthesized push-pull
chromophores via click type [2+2] CA-RE reactions by focusing on enriching
substrate scope of electron-rich alkyne. In their study, Diederich and co-workers
manifested the principal impact of reactivity of alkyne groups in the reactions
(Scheme 14).7 Non-terminal alkyne group containing starting materials 63 reacted
with TCNE 41 and resulted in TCBD products 64, 65, and 66 in good to high yields.
Therefore, it was clear that with sufficient activation of alkyne group, the reaction
between donor and acceptor groups occurs at mild conditions and results in high
yields (Scheme 14).

NC
Ar CN
NC CN Ar 74
| ‘ ¥ | THF/toluene / Ar
Ar NC CN or neat NC
CN
63 41 64-66

Ar = 64 Meo©—§ 42% (110 °C, 12h)
\ o
65 N § 99% (20 °C, 1h)
/
66 E/)fé 80% (150 °C, 14h)

Scheme 14. Reaction between non-terminal alkynes and TCNE.
1.7 Common Electron Donor and Electron Acceptor Structures

As mentioned before, [2+2] CA-RE reactions requires electron donor alkyne

and electron acceptor alkene structures to give push-pull chromophores.*"™ For
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decades, researchers have been working on improving or finding structures to obtain
the most effective push-pull chromophores. Cyanide containing alkenes such as
TCNE 41,8081 TCNQ 44,872 2 35 6-Tetrafluoro-TCNQ (FsTCNQ) 67% are the
most used ones (Figure 6). The strong electron-withdrawing ability of cyanide
groups causes them to have a great potential to be subjected to [2+2] CA-RE
reactions. Exocyclic double bond of TCNQ and F4sTCNQ reacts with alkyne with
complete regioselectivity.8? All these structures are commercially available which is
another advantage in terms of the practicality of synthesis. TCNE is the first

compound that has been used for [2+2] CA-RE reaction by Takashi and co-workers

in the 1990s.23
NC_ _CN NC._ CN
NCICN | F l F
I
NC~ “CN | F | F
NC~ ~CN NC”~ “CN

41 44 67

Figure 6. Common electron-deficient olefins used in thermal [2+2] CA-RE.

TCNE, TCNQ, F4sTCNQ are used for the synthesis of conjugated push — pull
chromophores which are accessed through [2+2] CA-RE reaction. Beside its role as
an oxidant (DDQ) 36 is utilized as strong electron acceptor in [2+2] CA reactions
(Figure 7).84

@)

NC Cl
NC Cl
(0]

36

Figure 7. Electron-deficient alkene : 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ).
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DDQ reacts with alkyne and vyield in homoconjugated push-pull
chromophores and spiro systems via [2+2] CA reaction and electrocyclic ring
opening reaction followed by a transannular rearrangement respectively.® There are
examples of synthesized electron deficient alkenes to expand the scope. Some of
them are (S)-ethyl 2-(4-(2,2-dicyanovinyl)benzamido)propanoate (68), (Z)-2-(5-(4-
(diethylamino)benzylidene)-4-phenylthiazol-2(5H)-ylidene)malononitrile (69), 2-
(4-azidobenzylidene)malononitrile 70, 2-phenylethene-1,1,2-tricarbonitrile (71)

(Figure 8) .85,86,87,88

NC CN NC CN NC CN NC CN
| T | |
H o N\ S H CN
g >
%o/\ Ph)wN N;
o = )
68 69 70 7

Figure 8. More of examples of electron deficient olefins.

Obviously, another focus in the synthesis of push-pull chromophores via [2+2] types
of reactions is to improve alkyne structure by controlling its substituents. The first
work by Bruce et. al.”® was followed by many other papers to synthesize novel alkyne
structures.®® N,N-dimethylanilino (DMA)-substituted alkynes and their substrates
have been synthesized by Diederich and co-workers in 2005.%° In that work, 1,1,4,4-
tetracyanobuta-1,3-diene moieties have been obtained with a reaction between
DMA-substituted alkyne and TCNE via [2+2] CA-RE reacion (Scheme 13)%® In the
following years, Diederich group published papers on push-pull chromophores
demonstrating reaction of different alkyne substituted structures with TCNE or
TCNQ.™299% Electron donor alkynes are not limited with DMA, the following
structures are some of examples that has been used to get TCBD products.
Derivatives of triphenylamine 72,% carbazole 73, urea 74° azulene 75%
cyclopenta[b]furan-2-one (76),% ferrocene 77,% with terminal alkyne groups takes

part in formation of push-pull chromophores (Figure 9).
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75 76 77

Figure 9. Electron donor alkyne derivatives used in [2+2] CA-RE reactions.

Conjugation of the system is essential in terms of increasing potential
optoelectronic properties of push-pull chromophores.!” On the grounds of this,
improving conjugation in D-n-A systems is another target for the organic chemistry
community. In 2005, Diederich and co-workers published a paper demonstrating
non-terminal alkyne as an electon-donor substrate.®! Figure 10 describes synehtsized
and characterized electron donors 78, 79, and 80 (Figure 10).3!

O O -

A X

S @ !
® v
N~ |

4

78 79 80

Figure 10. Non-terminal alkyne derivates used in [2+2] CA-RE reactions.

Tetrathiafulvalene (TTF) 81 and ferrocenyl (Fc) 82 substituted electron
donors are other examples for non-terminal alkyne containing substrates to

synthesize push-pull chromophores (Figure 11 ).
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Figure 11. More of examples of non-terminal alkyne derivates used in [2+2] CA-

RE reactions.
1.8 Aim of Study

Intense intramolecular charge transfer featured push-pull chromophores are
studied extensively in the last few decades due to their substantial potential in
optoelectronic devices. Taking advantages of pericyclic, “click chemistry”-type
[2+2] CA and [2+2] CA-RE reactions chromophores can be prepared
straightforwardly. For that purpose, finding new prospective electron donor
substrates is a principal factor. Even though the synthesis of substrates as an electron-
donor is a rather hot topic for a long time, it is still a barrier to the synthesis of push-
pull chromophores. The reason behind it finding stable, sufficiently electron-donor,
easily purified substrates is very challenging. The second chapter of this thesis
concentrates on the synthesis of triazene group containing electron donor terminal
alkyne substrates. Stable, easily purified triazene-substituted electron donor alkyne
structure is novel in the literature and has been synthesized by our group. To obtain
TCBD products thermal [2+2] CA-RE reaction is performed. TCNE and TCNQ were
used as electron acceptor alkene structures. Throughout the chapter, experimental
sections will be provided and UV/Vis spectroscopy data will be given alongside
computational studies. The third chapter of the thesis holds synthesis of non-terminal
alkyne substrates to expand substrate scope further. Those molecules were
obtained via Sonogashira cross-coupling and Hay coupling reactions. Even though
the reaction of two triazene group containing Sonogashira cross-coupling products

and dimers were unsuccessful, replacing one triazene group with N,N,-diethyl-4-
21



aniline solved the problem. At the end, the reactions of the above-mentioned
substrates with TCNE, TCNQ, and DDQ became successful and push-pull
chromophores were obtained by [2+2] CA and [2+2] CA-RE reactions. All

synthesized TCBD molecules are studied experimentally and characterized.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1 Design and the Synthesis of Triazene-based Push-Pull Chromophores

2.1.1 Synthesis of Triazene-Substituted Alkyne Substrates

Despite the efforts for decades, the insufficient substrate scope of alkynes
stays the biggest challenge in [2+2] CA and [2+2] CA-RE reactions. In this chapter,
our purpose was to synthesize push-pull chromophores containing a brand-new
donor groups that is used in click-type CA-RE reactions. To achieve the goal, we
came up with the idea of using triazene group as an electron-donor component.
Triazene’s function was framed to masking aryl iodide substrates for branched
dendrimer synthesis.® Also, it has been used in medicinal chemistry,?"9899.100
polymer, and oligomer synthesis,’®* as a protecting group in natural product
synthesis,'% and to form heterocycles.’®® Even though it has quite a wide range of
applications, until our work, there is not much in the literature related to an electron-
donor capability of triazene groups. The results will be discussed in this chapter ,

reported in Journal of Molecular Structure in 2019.%

Triazene-substituted substrates were synthesized in three steps (Scheme 15).
Applied synthetic pathways have been reported by Hecht*®* in 2008 and our group
in 2019.8* The first step was commenced with commercially available 4-iodoaniline
(83), and addition of HCI, NaNO- caused to in situ formation of diazonium salts.
lodo-triazene 84a-f were obtained by adding the required amount of dialkylamines.

Sonogashira cross-coupling reaction allowed to obtain 85a-f by adding an excess
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amount of trimethylsilylacetylene at room temperature. As a last step to afford 86a-
f simple deprotection with K,COs is used. Yields for the final products were in
between 30-77%.

'H and *C NMR was used to characterize all products in each step. Acyclic
alkyl containing molecules showed relatively broad peaks in **C NMR due to limited
free rotation around N-N bond. This finding is in agreement with previously reported

literature results.1%

R -R R. .R
N R\N,R N
A\ . .
NH, N N NN
O o L?
[ [
I I
™S
83 84a-f 85a-f 86a-f
R — 84a (84 %) 84d (84 %)
N% : N 85a (90 %) 85d (71 %)
R — 86a (77 %) 86d (62 %)
‘( 84e (78 %)
N 84b (97 %) N 85e (90 %)
85b (72 %) 86e (67 %)

Scheme 15. Synthesis of electron-rich alkyne substrates.
a) 1) HCI, NaNO; ii) MeCN, H20; iii) K2CO3z, RoNH; b) TMSA, [PdCI>(PPhs),],
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2.1.1 Synthesis of Triazene-Substituted Push-Pull Chromophores

Targeted conjugated push-pull chromophoric structures were obtained
through the reactions between triazene-substituted alkyne substrates 86a-f and
TCNE 41 via click-type formal CA-RE reaction cascade (Scheme 16). The reported
reactions were conducted in dichloromethane (DCM) at room temperature in one
step, making it practically easy and very efficient (Scheme 16). Starting materials

were consumed fully, and no side product formation was observed in all cases.

Even though all push-pull dyes 87-92 were obtained quantitatively,
purification was a challenge. Decomposition of the products was observed while
interacting with silica. This obstacle is circumvented by taking advantage of the
solubility of synthesized dyes in DCM, but not in n-hexane. Push-pull dyes 87-92
were washed with n-hexane, and therefore, impurities were removed. We presumed
that 87-92 are unstable in acidic and basic conditions. For this reason, column
chromatography could not be applied for purification. Scheme 16 describes the
overall reaction and quantitative yields for each push-pull chromophores changing
from 42% to 96%. Acyclic substituents 87-89 were obtained in high yields 76-96%.
However, pyrrolidine and morpholine containing adducts gave lower yields (42-
46%). Interestingly, piperidine-containing push-pull chromophore was obtained in
92%. Formation of insoluble charge transfer complexes could be a reason for this

difference in yields.

There was no correlation between donor strength of triazene groups and
yields of push-pull dyes. All dyes 87-92 were solid and possess dark-purple color. It

worth to mention that all dyes are quite stable under ambient conditions for weeks.
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Scheme 16. Synthesis of push-pull chromophores via reaction between electron-
rich alkynes and TCNE.

Although crude *H NMR spectra prove the quantitative formation of push-
pull dyes 87-92, we needed a method to report yields for each product. For this
purpose, we utilized the quantitative NMR (qNMR) method.'% Choosing proper
internal standards was the key for this method to get accurate results. Certain

requirements had to be fulfilled to perform gNMR, such as the solubility of chosen



internal standard in deuterated chloroform (CDCls) and the solvent of the reaction.%

Also, its 'H NMR peaks should not be overlapped with any of the peaks of the
product.*%! And of course, internal standards cannot be reacting with any reagents
in the reaction mixture.l® Taking into account all these points, 3,4,5-
trimethoxybenzaldehyde (93) was an excellent choice to be used as internal standard
(Figure 12). It is soluble in DCM and has a distinctive peak at 9.8 ppm. Experimental
procedure was simple to apply for this method. Internal standard was added with
other reagents, and *H NMR was recorded. After including some properties such as
molecular weight, number of hydrogens to calculations, ratio of peak of analyte to

internal standard gives yield.%®

93

Figure 12. 1,3,5-trimethoxybenzaldehyde.

As shown in Scheme 16, the lowest yield 42% was observed for push-pull
dye 91, and the highest belongs to isopropyl containing adduct 88 which is 96%. Yet,
interestingly the yield for piperidine-substituted adduct was 92%. Low yields could
be due to formation of insoluble charge transfer complexes between 91, 92, and
TCNE 41.2%7 According to the results we can say that there is no correlation between
donor ability of different substrates and their yields. As indicated clearly, push-pull
chromophores 87-92 are simple to synthesize and purify via formal [2+2] CA-RE

reaction.
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2.3  UV/Vis Spectroscopy

As mentioned earlier D-n-A systems are known for their intense
intramolecular charge transfer (ICT) bands.”#13 UV/Vis spectroscopy is a great tool
to investigate ICT abilities of push-pull chromophores . Figure 13 describes UV/Vis
data for 87-92 systems. The electronic absorption spectrum of each dye has been

shown in a different color (Figure 13).
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Figure 13. UV/Vis spectra of conjugated chromophores 87 (black line), 88 (green
line), 89 (yellow line), 90 (purple line), 91 (blue line), and 92 (red line) in CH2Cl,
at 298 K.

Values of molar extinction coefficient change for 87-92 between 6080-11300

M~ cm™. The following data shows the most red-shifted absorption wavelength for

each chromophore 87-92, Aimax = 508 nm (6080 M cm™ for 87), 524 nm (7965 M !
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cm* for 88), 521 nm (11300 M cm™* for 89), 499 nm (9451 Mt cm™* for 90), 507
nm (8177 Mt cm™ for 91), 476 nm (6313 M~ cm™* for 92). The hypsochromic shift
(blue shift) was observed for compound 92. It can be attributed to the presence of
morpholine group in the structure. Morpholine possesses weak electron donor
capability compared to other structures due to the electron withdrawing effect of
oxygen. Although triazene groups are not strong electron donors as dialkilanilino
derivatives,!”#! synthesized push-pull dye systems 87-92 show charge-transfer from
triazenes to tetracyanobutadiene unit. Therefore, obtained UV/Vis spectroscopy data
is evidence of moderate-intensity ICT bands for obtained push-pull chromophores
87-92.
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Figure 14. UV/Vis absorption spectra of push-pull dye 87 in CH2Clz/n-hexane

mixtures at 298 K.
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Figure 15. UV/Vis absorption spectra of push-pull dye 87 in different solvents at

298 K.

Solvatochromism is a phenomenon of changing of color of a solution due to
interaction with solvents of different polarities.'® It is another way of proving ICT
properties of a given structure.'®® We used this strategy to approve the validity of
ICT properties of 87-92 systems. We selected 87 as an example to investigate its
color change in different solvents. Different fraction of DCM and n-hexane was used
to see effect of polarity. Figure 14 showed positive solvatochromism as polarity
increased (Figure 14). It means a bathochromic shift was observed. Changing of the
color of 87 from orange to dark purple was observed as a fraction of DCM increased
in a mixture. The second figure (Figure 15) describes the interaction of push-pull
dye 87 with five different solvents (toluene, i-PrOH, MeOH, MeCN, EtOAc).
Solvatochromic behavior of 87 shows a substantial increase in the extinction
coefficient value in alcoholic solvents, and hydrogen bonding is assumed to be the
reason for this.*° In toluene, color of the mixture changed to purple, and the highest

redshift was observed.
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2.4 Theoretical Studies

Beside experimental methods, push-pull chromophores investigated through
computational techniques. It allows to look into theoretical possibility of obtained
data and thus, to approve the validity of it. Intramolecular charge transfer (ICT)
ability of push-pull chromophores is a fundamental property of D-n-A systems.!’
Structures that possess this property have low energy transition bands. The lowest
energy transition bands reflect excitation from the highest occupied molecular orbital
to the lowest unoccupied molecular orbital.?® With the help of computational
chemistry, it is possible to understand ICT of the targeting molecules by analyzing
the distribution of HOMO and LUMO levels. The small overlap of HOMO and
LUMO orbitals is proof of efficient electron charge transfer in push-pull
chromophores 87-92. Table 1 displays HOMO and LUMO depictions of push-pull
dyes 88 and 91. Furthermore, electrostatic potential map (ESP) depictions provide

an evidence for ICT properties of push-pull chromophores 87-92. 114115

Table 1. HOMO-LUMO orbital depiction and ESP map of 88 and 91. The upper
plots represent the HOMOs, and the lower plots represent the LUMOs.

Orbital 88 ESP

HOMO

LUMO
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Figure 15 exhibits theoretical calculations for the extinction coefficient value of 87.
Gaussian-09 was used for DFT and TD-DFT calculations.!'! B3LYP functional
using basis set B3LYP/6-31++G(d,p) was used to obtain molecular structures for
push-pull chromophores 87-92.112 The conductor-like polarizable continuum model
(CPCM) was selected as the solvation model in CH2Cl,. Time-dependent density
theory (CAM-B3LYP/6-31++G(d,p)) was applied to calculate the vertical
excitation energies at the S, level again with CPCM solvation in CH2Cl.2%® For 87-
92 deviation from experimental results was observed for calculated transition
energies, which was expected since similar deviations also have been reported for
similar systems.'*3 Theoretical value has been scaled by 2.66. Scaling was required
to match computational and experimental spectra. Accordingly, extinction
coefficient value is well estimated compare to experimental one. For all push-pull
dyes, experimental and computed Amax Value differences for CT absorption bands
are in the range of 0.01-0.07 eV.
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Figure 16. Calculated (not shifted, scaled by 2.66, red line) TD-DFT:CAM-
B3LYP/6-31++G(d,p) level of theory in CH2Cl, and experimental (blue line)
UV/Vis absorption spectrum of 87.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Synthesis of Symmetrical and Unsymmetrical Di-triazene Substituted
Substrates for [2+2] CA-RE

Synthesis of non-terminal alkyne-containing substrates is another challenge
commenced by Diederich and co-workers earlier in 2005.2 In their substantial work,
DMA substituted cross-coupling product 35 reaction with TCNE 41 accomplished
successfully and resulted in push-pull chromophores 62 (Scheme 13).2° Those
coupling products display third-order nonlinear optical properties that were reported
by Diederich group for the first time.?® By taking this work as a reference, we
synthesized triazene-substituted cross-coupling products and dimers via Sonogashira

and Hay coupling reactions, respectively.

3.11 Synthesis of Symmetrical and Unsymmetrical Di-triazene

Substituted Substrates via Sonogashira Cross-Coupling

In order to achieve the ultimate goal of the synthesis of symmetrical cross-
coupling products, Sonogashira cross-coupling reaction is applied (Scheme 17).
Scheme 17 describes the reaction between aryl iodides 84 and alkynes
86 yielding 94-97in  low to good vyields (28-52%). The starting
materials 84 and 86 were synthesized according to above mentioned synthetic route
(Scheme 15).
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Scheme 17. Synthesis of triazene containing symmetrical cross-coupling products.

As described in scheme 18, with the intention of observing the effects of

different substrate groups unsymmetrical coupling products were synthesized too
(Scheme 18).

R
R N _ [PdCI,(PPh3),], Cul, N-N
O 0= = O
N—N" N—N N-N"

EtN, 25 °C
R R R
84 86a 98-101
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N-N N-N
O =" =D
N-N’ N-N
2 98 (34%) 99 (32%)
S —/\

f
L

N-N N-N
= O =0
CN—N’ N-N

100 (27%) 101 (28%)

Scheme 18. Synthesis of triazene-containing unsymmetrical cross-coupling
products.
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Sonogashira cross-coupling reaction is used again. To synthesize
unsymmetrical coupling products 98-101, ethyl group was kept constant on one side
of the structure and the other one alternated between butyl 98, isopropyl 99,
pyrrolidine 100, and piperidine 101. The yields were low (27-34%) for the products,
and this could be related to the dimerization of acetylene containing starting reagents

(homo-coupling) due to interaction with oxygen in the presence of copper.

3.1.2 Reaction with Symmetrical Coupling Products with TCNE

The primary purpose of synthesizing of the products mentioned above is to
obtain push-pull chromophores. TCNE 41 was used as an electron acceptor reagent
(Scheme 19). As shown in Scheme 19, the reaction was conducted at room
temperature and 75 °C, DCE was used as a solvent. However, no product formation
was observed. An interesting observation was made when the same reaction was
applied at 75 °C. Instead of attaining the desired CA-RE product 102,
diphenylacetylene 103 was isolated (Scheme 19). Somehow TCNE 41 causes
oxidation of triazene group in the starting material instead of reacting non-terminal
acetylene group. It means donor ability of the triazene group is not enough to activate
alkyne unit for the [2+2] CA-RE reaction to occur either at room temperature or 75
°C.

NC

/ CN Yo
Yo NC.__CN DGE — N N-N
N-N I N-N’ O N
= N _/ 4
N Q _ O N NC”™ “CN 250r75°C NC N

94 M 102

DCE
75°C

103 (<10%)

Scheme 19. Reaction between coupling product 94 and TCNE 41 at 25 and 75 °C.
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In an attempt to compare this observation, diphenyl acetylene was
synthesized by using Sonogashira cross-coupling reaction. Commercially available
iodobenzene 104 and phenylacetylene 105 gave the product 103 at room temperature
(Scheme 21). As expected, NMR spectra obtained from two different experiments
matched well and this observation proved formation of 103 when 94 and TCNE 41

reacts.

[PACI,(PPhj),], Cul,
O O= D=
EtsN, 25 °C

103 (81%)

Scheme 20. Synthesis of diphenylacetylene 103.

3.1.3 Reaction with Symmetrical Coupling Products with TCNQ

Electron-deficient alkene, TCNQ 44 is another structure with substantial
electron acceptor property through four nitrile groups. Because of this reason, it has
been used as an electron acceptor in the synthesis of push-pull chromophores. 280116
Synthesized structure 94 was put into the reaction with TCNQ 44 at room
temperature, but expected product 106 was not observed (Scheme 21). When the
reaction condition was slightly changed by simply increasing temperature to 75 °C,
the overall result unfortunately did not change. Interestingly, as it happened in
reaction with electron-deficient TCNE 44, formation of diphenyl acetylene 103 was

once again observed (Scheme 21).
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Scheme 21. Reaction between coupling product 94 and TCNQ 44 at 25 and 75 °C.

3.2. Synthesis of Symmetrical and Unsymmetrical Dimer Substrates

Issues with the reaction of TCNE 41 with coupling products as discussed in

the previous section was referred to electron donating ability of triazene side groups.

N—-N
oumeon ey i
Rl N\ — -

2 NN =~ DCM, air, 25 °C ]
107-110

107 (28%) 109 (22%)
y i A O=—=—00
N—N'N Q - )7 CN N
J\ 108 (33%) 110 (17%)

Scheme 22. Synthesis of triazene containing symmetrical dimer products.
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Nevertheless, steric hindrance due to two bulky benzene groups could be
another reason for the unsuccessful results obtained from previous reactions. To
make a space for TCNE 41 to react with acetylene group, triazene-substituted
symmetrical dimer structures 107-110 were synthesized (Scheme 22). To access

these compounds, Hay coupling was used to synthesize targeted coupling products.

Unsymmetrical dimer substrate 111 was synthesized by using Hay coupling
of alkynes structures 86a and 86¢ together with symmetrical dimers 112 and 107 as

side products.?’]

—
N-N
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Scheme 23. Synthesis of unsymmetrical dimer 111.

3.2.1. Reaction of Symmetrical and Unsymmetrical Dimer Substrates with
TCNE

Triazene-substituted dimer 107 was put into the reaction with TCNE 41 at
room temperature. Yet, the reaction did not occur under ambient conditions (Scheme
24). The reaction was expected to give product 113 at 75 °C, but as it happened with
the previous reaction between 94 and TCNE 41, unexpected another product was
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obtained. Formation of 1,4-diphenylbuta-1,3-diyne (114) was observed at 75 °C
(Scheme 24).

CN
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Scheme 24. Reaction between 107 and TCNE 41 at 25 and 75 °C.

According to literature procedures, Scheme 25 represents the synthesis of
1,4-diphenylbuta-1,3-diyne (114)?° to compare the result obtained through the

reaction on Scheme 24.

Cul, TMEDA
: = O—==C0
DCM, 25 °C
105 114 (86%)

Scheme 25. Synthesis of 1,4-diphenylbuta-1,3-diyne 114.

3.2.2. Reaction of Symmetrical and Unsymmetrical Dimer Substrates with
TCNQ

The same starting materials 107-110 were attempted to have a reaction with
TCNQ 44. Nevertheless, the desired structure 115 could not be obtained in these
conditions either (Scheme 26). Instead, 114 was obtained again. To understand more
about the course of the reaction the following experiment was done. The starting

material 94 was put into a round-bottom flask and dissolved in DCE at 75 °C. This
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experiment aimed to investigate any possible effect of heat to obtain diphenyl
acetylene 103. After one, two, and three days TLC results demonstrate that nothing
happened with the starting material 94. No diphenyl acetylene 103 was observed
even after three days. This observation gives a hint that the formation of 103 is
somehow related to both heat and electron acceptor reagants TCNE 41 and TCNQ
44. Targeted push-pull chromophores via [2+2] CA-RE reactions between 94-101
coupling products and TCNE were expected to have significant ICT properties.

NC.__CN

DZE
250r75°C
NC™ "CN

Scheme 26. The formal CA-RE reaction between symmetrical dimer 107 and
TCNQ 44 at 25 and 75 °C.

For this goal , we tried to obtain the desired structure with another pathway
as shown in Scheme 27. Our purpose was to synthesize 4,4'-(ethyne-1,2-
diyl)dianiline 117 via Sonogashira cross-coupling reaction between alkyne 116 and
aryl iodide 83, then to have its reaction with electron-poor alkene TCNE 41, which
is most certainly expected to provide push-pull product 118 (Scheme 27). Then the
transformation of amine to triazene group could give the desired push-pull product
119.
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Scheme 27. General reaction scheme to obtain 119.

The starting reagent 116 was synthesized from commercially available 4-
iodoaniline 83, as shown in Scheme 28. Sonogashira cross-coupling reaction was

followed by deprotection of TMS group with K>COz (Scheme 28).

NH, NH, NH,
Pd(PPhs),Cl,, Cul K,CO4
=—TMS E3N, 25 °C MeOH, 25 °C
T™S
83 120 (96%) 116 (98%)

Scheme 28. Synthesis of 116.

Before testing the target reaction (scheme 27), the following was tested with 4-
ethynylaniline to ensure the triazene group formation. However, the transformation
of amine group to triazene did not occur with cyano-rich substrate. As a result, the

desired push-pull chromophores 86a-f could not be attained by this pathway either.
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Scheme 29. Attempted synthesis of 86a-f with another pathway.

3.3 Synthesis of DEA-substituted Triazene-containing Non-terminal
Alkyne Substrates

The targeted reaction between TCNE and TCNQ with triazene-substituted
non-terminal alkynes were not successful in obtaining push-pull chromophores as
described in the previous section. To overcome the problem, we utilized
diethylaniline (DEA) group as a strong electron donor to activate the reaction. DMA-
substituted acetylene group is a well known for its strong electrong donating
ability.?®'*" N ,N-diethyl-4-ethynylaniline (122) was synthesized according to
literature procedure (Scheme 30).1%° Sonogashira cross-coupling reaction was
utilized to obtain 123. Deprotection of TMS group with KoCO3zin MeOH results in

formation of desired product 124.
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Scheme 30. Synthesis of N,N-diethyl-4-ethynylaniline (124).

Triazene-substituted reagents 84a-e reacted with  N,N-diethyl-4-
ethynylaniline (124) via Sonogashira cross-coupling reaction and resulted in 125-
129 in good yield (56-78%) (Scheme 31).

R !“‘@*' o Y Pd(PPhCl, Cul RN O — O ,\>
N-N’ —‘< }N NN’ )
~ ) EtsN, 25 °C K

84a-e 124 125-129

127 (71%) 128 (58%)
N-N, >
=

129 (78%)

Scheme 31. Synthesis of DEA-substituted non-terminal alkynes.
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3.3.1 Reactions of DEA-substituted Alkyne Substrates with TCNE

The CA-RE reaction was conducted between coupling products 125-129 and
TCNE 41 at room temperature (Scheme 32). Owning to strong electron donor ability
of diethylamine group assisted by a triazene group, push-pull chromophores 130-134
were sucessfully obtained. Obtained products were purified by column

chromatography and isolated in a very high yields (96-99%) (Scheme 35).

R R NG
N-N, > NC_-CN DCM NN )—CN
O,
} NC” O CN 25°C, 2h O
NC /
125-129 4 130-134
( NG —( NC
N-N CN N-N CN
¢ O ) ~ A )
O O
ne—/ } Ne— }
CN CN
§ 130 (97%) 131 (97%)
N— N / CN { N- N / CN
aavetvl L O
132 (99%) 133 (96%)

CN—N N(; CN

134 (95%)

Scheme 32. Push-pull chromophores 130-134 obtained through the reactions
between DEA-substituted alkynes and TCNE.

3.3.2 Reactions of DEA-substituted Alkyne Substrates with TCNQ

Since the 125-129 with TCNE 41 became successful in producing targeted

push-pull chromophores 130-134, we turned our attention to try the same reaction
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with TCNQ 44 (Scheme 33). 125-129 was used as electron-donating alkyne,
and TCNQ 44 acted as electron-acceptor to produce 135-139 in high yield (95-99%)
at room temperature (Scheme 33). Completing the reaction took only 1.5 hours,

making the reaction quite practical for application purposes.
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Scheme 33. Push-pull chromophores 135-139 obtained through the reactions
between DEA-substituted alkynes and TCNQ.
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3.4 UV/Vis Spectroscopy

As mentioned earlier in Chapter 2, UV/Vis spectroscopy is essential and valid
technique to approve ICT properties of push-pull chromophores. Since we obtained
our targeted push-pull chromophores 130-139 successfully, UV/Vis spectroscopy
was utilized to confirm strong ICT bands of synthesized dyes. Figure 16 describes
UV/Vis spectra of TCNE products. Different colors have been chosen for each dye.
Molar extinction values changes for 130-134 between 44432-60652 Mt cm™. The
following data shows strongest photon absorption wavelength for each chromophore
130-134, Amax = 454 nm (44432 M1 cm™*for 130), 465 nm (55254 Mt cm*for 131),
467 nm (60651 M~ cm~for 132), 461 nm (46016 M~! cm*for 133), 459 nm (51149
M~ cm™ for 134). There is no strong bathochromic or hypsochromic shift for
compounds 130-134. This highlights that different triazene groups have limited

impact on electron delocalization.
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Figure 17. UV/Vis spectra of conjugated chromophores 130 (red line), 131 (black
line), 132 (green line), 133 (blue line), 134 (yellow line) in CH2Cl at 298 K.
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One of the most significant characteristics of push-pull chromophores is their
ability to change the color of the solution due to differences in the polarity of the
solvent which is known as solvatochromism.!%® Different fractions of DCM and n-
hexane was used for the investigation of polarity effect on push-pull dye 130 (Figure
17). UVIVis spectra displays bathachromic shift of the push-pull dye 130 due to
increase in polarity of the solvent from n-hexane to DCM. Change of a color from

orange to pale yellow is visual prove of this experimental data (Figure 17).
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Figure 18. UV/Vis absorption spectra of push-pull dye 130 in CH.Cl./n-hexane
mixtures at 298 K.

TCNQ containing chromophores 135-139 show strong ICT properties too
and their UV/Vis spectrum also approves that. Figure 18 below represents ICT bands
for each push-pull dye. Different colors has been chosen for push-pull chromophores
135-139 as well. Molar extinction values changes for 135-139 between 37003-
42798 Mt cm™. The following data shows strongest photon absorption wavelength
for each chromophore 135-139, Amax = 691 nm (40519 Mt cm™ for 135), 691 nm
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(42798 Mt cm™ for 136), 692 nm (37003 M cm™*for 137), 692 nm (42198 M*
cm™t for 138), 690 nm (36158 M cm™ for139). There is no significant
bathochromic or hypsochromic shift for compounds 135-139 either. For TCNQ
products 135-139, we applied solvatochromism to widen our investigation scope
(Figure 19).
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Figure 19. UV/Vis spectra of chromophores 135 (blue line), 136 (yellow line), 137
(red line), 138 (green line), 139 (purple line) in CH2Cl; at 298 K.

135 was chosen as an example and dissolved in a solution DCM and n-hexane in
different fractions. Figure 19 describes obtained data and change of a color of a

solution from DCM to n-hexane. Bathochromic shift is observed here as well.
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Figure 20. UV/Vis absorption spectra of push-pull dye 135 in CH.Cl./n-hexane
mixtures at 298 K.

3.5 Theoretical Studies

Computational chemistry is valid technique to investigate ICT properties of
push-pull chromophores. For this reason synthesized TCNE and TCNQ products
were investigated. As representative examples push-pull dyes 130 and 135 were
chosen. For DFT and TD-DFT calculations, Gaussian-09 was utilized.'** The
following Figure displays theoretical extinction coefficient value of 130 and 135
(Figure 20a and 20b). B3LYP functional using basis set B3LYP/6-31++G(d,p) was
used to obtain optimized molecular structures for 130 and 135.[**2 As a solvation
model in CH2Cl> the conductor-like polarizable continuum model (CPCM) was
chosen.'® Time dependent density theory (CAM-B3LYP/6-31-G(d)) was applied for
the calculation of the vertical excitation energies at the So level with the same

solvent, CH,Cl,.109
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As it occured in previous calculation in our structures 87-92 similar deviation
for transition energies is observed.!**'* Theoretical values were scaled by 1.43 and
1.17 for products 130 and 135 respectively to match experimental and computational
spectra. For the product 130 experimental value is red-shifted by 0.4 eV and for the
135 it is only 0.2 eV. By taking into consideration all these theoretical
investigation,we can conclude that experimental and theoretical values of extinction
coefficient of push-pull chromophores 130 and 135 are in good agreement with each
other.
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Figure 21. a) Calculated (red-shifted by 0.4 eV, scaled by 1.43, red line) TD-
DFT:CAM-B3LYP/6-31G(d) level of theory in CH2Cl, and experimental UV/Vis
spectrum of 130 in CH2Cl. (blue line). b) Calculated (red-shifted by 0.2 eV, scaled
by 1.17, red line) TD-DFT:CAM-B3LYP/6-31G(d) level of theory in CH2Cl, and
experimental UV/Vis spectrum of 135 in CH2Cl; (blue line).

Computational chemistry allowed us to elaborate ICT properties of obtained
push-pull chromophores 130-139. Structure 130 and 135 were chosen as an example
to display ESP and distribution of HOMO-LUMO levels within the structure. The
small overlap of HOMO and LUMO orbitals is proof of efficient electron charge
transfer in push-pull chromophores 130 and 135. Table 2 contains information about
HOMO and LUMO depictions of the molecules 130 and 135 (Table 2).
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Besides, ESP depictions allow to comment on electron density around the
structures. As we expected, cyano-rich electron-acceptors pull the electrons and thus,
the red middle area shows high electon density in the molecule. On the other hand,
electron-donors triazene and diethylaniline groups are displayed by blue colors

which is the sign of being electron-poor (Table 2).

Table 2. HOMO - LUMO representations of and ESP maps for structures 130 and
135.

Orbital 130 135

Molecular

Structure

HOMO

LUMO

ESP
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As mentioned earlier energy value of HOMO-LUMO gap is critical in terms of
investigation of intramolecular charge transfer bands. In the following table 3 energy
values have been calculated at the CAM-B3LYP in CH2Cl; (Table 3). For TCNE-
attached push-pull dye AE(Enomo — ELumo) value was calculated as 4.86 eV. For
TCNQ-attached push-pull dye, it is 3.75 eV.

Table 3. Enomo, ELumo and AE(Enomo— ELumo) of 130 and 135 at the CAM-B3LYP
level of theory in CH2Clo.

130 135

Basis Set Solvent CAM-B3LYP DCM CAM-B3LYP DCM
Erowmo (EV) -6.88 -6.38
ELumo (eV) -2.02 -2.63
AE (eV) 4.86 3.75
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CHAPTER 4

CONCLUSION

The first part of this thesis covers synthesizing triazene-substituted
conjugated push-pull chromophores via click-type [2+2] CA-RE reactions. Six
different push-pull dyes were obtained through the reaction between electron donor
alkyne and electron acceptor alkene groups. Electron donating ability of triazene
group was used to activate alkyne for targeted reaction. As an electron acceptor,
TCNE 41 was chosen. Due to the instability of attained push-pull chromophores in
silica, JNMR was applied to calculate the yields which were in between 42 and 96%.
Since push-pull dyes are expected to have an excellent ICT properties in the visible
region, UV/Vis spectroscopy was applied to investigate it. Furthermore,
solvatochromism approved the validity of the ICT ability of six different substrates.
Besides experimental investigations, theoretical calculations certified on electron
donor ability of triazene group and optoelectronic properties of obtained push-pull

chromophores.

The next chapter focus on widening substrate scope for the synthesis of
push-pull chromophores. For that purpose, triazene-substituted non-terminal alkyne-
containing molecules were synthesized via Sonogashira cross-coupling and Hay
coupling reactions, respectively. Targeted push-pull chromophores could not be
achieved either with TCNE or TCNQ electron acceptors; instead, the formation of
diphenylacetylene and 1,4-diphenylbuta-1,3-diyne were observed. However, we
stuck to the idea of obtaining push-pull chromophores with non-terminal alkynes,
which is the subject of the following chapter.
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By taking advantage of diethylaniline's strong electron-donating ability, non-
terminal cross-coupling substrates and dimers were synthesized successfully.
Substrates reacted with TCNE and TCNQ in a short period of time, purified easily
by column chromatography, and gave high vyields (95-99%) of push-pull
chromophores. Spectroscopic techniques, such as *H and *C NMR analysis and HR-
MS, allowed to characterize structures of obtained cross-coupling products, dimers,
and push-pull chromophores. In addition, UV/Vis spectroscopy data and
solvatochromism was utilized to investigate optoelectronic properties of push-pull
dyes experimentally. Computational methods allowed the study of ICT properties

obtained structures theoretically and compared them with experimental results.
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CHAPTER 5

EXPERIMENTAL

5.1 Materials and Methods

Reagents were purchased as reagent grade and used without further purification.
Commercially available chemicals were purchased by Merck, Fluka , Across, Abcr
and Sigma Aldrich.

Solvents for extraction or Flash column chromatography were distilled.

Reactions on exclusion of air and moisture were performed in oven-dried glassware

and under N2 atmosphere.

Analytical thin layer chromatography (TLC) was performed on aluminum sheets
coated with 0.2 mm silica gel 60 F254 (Merck) and visualized with a UV lamp (254
or 366 nm).

Evaporation in vacuo was performed at 25-60 °C and 900-10 mbar. Reported
yields refer to spectroscopically and chromatographically pure compounds that were
dried under high vacuum (0.1-0.05 mbar) before analytical characterization.

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance IlI
Ultrashield 400 Hz NMR spectrometer in CDCls. Chemical shifts ¢ are reported in
ppm downfield from tetramethylsilane (TMS) using the residual solvent signals as
an internal reference (CDCls: 81 = 7.26 ppm, S¢c = 77.16 ppm. For *H NMR, coupling
constants J are reported in Hz and the resonance multiplicity is defined as s (singlet),
d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextet), sept (septet), m
(multiplet), and br. (broad). All spectra were recorded at 298 K. NMR spectra were

processed by using MestReNova program.
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High-resolution mass spectrometry (HR-MS) was performed by the MS-service
of the National Nanotechnology Research Center (UNAM) at Bilkent University
and mass spectra recorded by LC-MS TOF electrospray ionization. Also, some
HRMS result were obtained by MS-service of METU Central Laboratory. Spectra
were processed in electro spray ionization with positive mode using Time of Flight

mass analyzer. Masses are reported in m/z units as the molecule ion as [M + H]".

5.2 Synthetic Procedure

5.2.1 General Procedure of Conjugated Push-Pull Chromophores®

A solution of 86a—f (1.5 mmol, 1 equiv.) and TCNE (1.5 mmol, 1 equiv.) in
dichloromethane (8 mL) was stirred at 25 °C until complete consumption of starting
material based on TLC analysis. After evaporation of the solvent, the obtained
product was washed with hexanes (3 x 50 mL) to yield 87-92 in moderate to high
42-96% vyields.

Compound 87:

/\N/\

CN

CN
NC X

CN

A dark-purple solid; 76%; Rt=0.27 (SiO2; DCM); *H NMR (400 MHz, CDCls,
298 K): 6 =124 (t, J=7.0Hz, 3H), 1.37 (t, J=7.0 Hz, 3H), 3.84 (g, J = 7.0 Hz,
4H), 7.46 (quasi d, J =8.7 Hz, 2H), 7.61 (quasi d, J=8.7 Hz, 2H), 8.03 ppm (s,
1 H); 3C NMR (100 MHz, CDCls, 298 K): 6 = 161.6, 156.7, 153.9, 130.7, 126.0,
122.0, 112.1, 111.8, 111.7, 108.8, 98.1, 88.0, 49.9, 42.1, 14.5, 11.3 ppm; UV/Vis
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(CH2CL): Amax () =237 (9447), 305 (16583), 336 (19146), 508 nm
(6080 Mt cm™); HRMS: m/z calcd for CigHisN7*: 330.14617; found: 330.14529
[M+H]".

Compound 88:

A dark-purple solid; 96%; Ri=0.27 (SiO2; DCM); *H NMR (400 MHz, CDClIs,
298 K): 6 = 1.27 (d, J = 6.8 Hz, 6H), 1.41 (d, J = 6.8 Hz, 6H), 4.09 (hept, J = 6.7 Hz,
1H), 5.38 (hept, J = 6.7 Hz, 1H), 7.47 (quasi d, J = 8.7 Hz, 2H), 7.59 ppm (quasi d,
J=8.7 Hz, 2H), 8.04 ppm (s, 1H); 3C NMR (100 MHz, CDCls, 298 K): ¢ = 161.5,
157.2, 154.2, 130.8, 125.7, 121.8, 112.3, 111.80, 111.78, 108.8, 98.0, 87.3, 50.2,
47.4, 24.0, 19.4 ppm; UV/Vis (CH2Cl2): Amax (¢) = 238 (12509), 303 (19862), 342
(24049), 524 nm (7965 M~' cm™"); HRMS: m/z calcd for CoHzoN7*: 358.17747;
found: 358.17724 [M + H]*.

Compound 89:

NN

CN

CN
NC\ A

CN

A dark-purple solid; 79%; Rf=0.41 (SiO2; DCM); *H NMR (400 MHz, CDCls,

298 K): 6 =0.94-1.02 (m, 6H), 1.34-1.46 (m, 4H), 1.61-1.76 (m, 4H), 3.74-3.79

(m, 4H), 7.46 (quasi d, J=8.7 Hz, 2H), 7.59 (quasi d, J =8.7 Hz, 2H), 8.03 ppm
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(s,1H); 13C NMR (100 MHz, CDCls, 298 K): ¢ = 161.6, 156.7, 154.0, 130.7, 125.9,
121.9,112.2,111.8,111.7,108.8, 98.1, 87.7,48.4, 47.5, 31.1, 28.1, 20.0, 19.9, 13.9,
13.8 ppm: UV/Vis (CH2Clo): Amax (¢) = 235 (18500), 303 (26450), 343 (31700),
521 nm (11300 Mt cm™); HRMS: m/z calcd for Ca2H2aN7*: 386.20877; found:
386.20909 [M + H]*.

Compound 90:

\
P

CN

CN
NC\ N

CN

A dark-purple solid; 92%; R¢=0.24 (SiO2; DCM); *H NMR (400 MHz, CDClIs,
298 K): 0 = 1.63-1.90 (m, 6H), 3.88-3.94 (m, 4H), 7.46 (quasi d, J =8.7 Hz, 2H),
7.62 (quasi d, J=8.7 Hz, 2H), 8.04 ppm (s, 1H); **C NMR (100 MHz, CDCls,
298 K): 6 = 161.6, 156.3, 153.8, 130.7, 126.3, 122.0, 112.0, 111.8, 111.6, 108.7,
98.1, 88.3, 53.7, 44.1, 265, 24.7, 243 ppm; UV/Vis (CH2Cl): Amax (¢) = 234
(16616), 303 (27083), 337 (30691), 499 nm (9451 M~ cm™!); HRMS: m/z calcd for
Ci9H16N7": 342.14617; found: 342.14675 [M + H]".

Compound 91:
N
NN

CN

CN
NC\ S

CN
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A dark-brown solid; 42%; R¢=0.09 (SiO2; DCM); *H NMR (400 MHz, CDCls,
298 K): 9 =2.04-2.12 (m, 4H), 3.72 (t, J = 6.4 Hz, 2H), 3.99 (t, J = 6.4 Hz, 2H),
7.45 (quasi d, J = 8.7 Hz, 2H), 7.60 (quasi d, J = 8.7 Hz, 2H), 8.02 ppm (s, 1H); *C
NMR (100 MHz, CDCls, 298 K): 6 =161.6, 156.8, 153.8, 130.7, 126.1, 121.9,
112.1, 111.8, 111.7, 108.7, 98.1, 88.0, 51.9, 47.2, 24.0, 23.6 ppm; UV/Vis
(CHoCL): Amex () =228 (1829), 239  (12850), 336 (25090), 507 nm
(8177 M~ cm™); HRMS: m/z calcd for CigH14N7*: 328.13052; found: 328.13035
[M + H]".

Compound 92:

CN

CN
NC\ N

CN

A dark-brown solid; 46%; Rf=0.11 (SiO2; DCM); *H NMR (400 MHz, CDCls,
298 K): 0 =3.80-4.00 (m, 8 H), 7.46 (quasi d, J=8.6 Hz, 2H), 7.64 (quasi d,
J = 8.6 Hz, 2H), 8.03 ppm (s, 1H); 13C NMR (100 MHz, CDCls, 298 K): § = 161.7,
155.2, 153.2, 130.6, 127.0, 122.4, 111.80, 111.79, 111.3, 108.6, 98.2, 89.7, 66.6
(2xC) ppm (13 out of 14 signals); UV/Vis (CH2Cl,): Amax (¢) = 233 (14141), 322
(28849), 476 nm (6313 M~' cm™); HRMS: m/z calcd for C1sH14N7O*: 344.12543;
found: 344.12583 [M + H]*.

522 General Synthetic Procedures for Unsymmetrical and Symmetrical
Sonogashira Cross-coupling Products

In a 100 mL round bottom flask compound 84 (0.50 mmol, 1 equiv.), bis

(triphenylphosphine) palladium (1) dichloride (0.015 mmol, 0.03 equiv.) and copper
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iodide (0.015 mmol, 0.03 equiv.) were added. The flask was flushed with nitrogen
for 30 minutes, triethylamine (15 mL) added via syringe into flask and flushed with
nitrogen for an additional 30 minutes, followed by addition of 86 (0.55 mmol, 1,1
equiv.). After stirring overnight at 25 °C, the solvents were removed under reduced
pressure, target coupled alkynes 94-101 were isolated in 27-52% yields by
performing column chromotograhy (CC) (SiO2; 1:9 EtOAc : c-hexane).

Compound 94:

N-N
=
N—N’

-\
—/

A yellow solid; 52%; CC: (SiO2; 1:9 EtOAc : c-hexane); R = 0.23 (SiO2; 1:9 EtOACc
: c-hexane); m.p. 106-108 °C; 'H NMR (400 MHz, CDCls, 298K) 6= 1.28 (t, J =
6.3 Hz, 12H), 3.78 (g, J = 7.2 Hz, 8H), 7.40 (quasi d, J = 8.6 Hz, 4H), 7.50 ppm
(quasi d, J = 8.6 Hz, 4H); **C NMR (100 MHz, CDCls, 298 K): § = 151.0, 132.3,
120.5, 120.0, 89.9, 49.5, 42.5, 13.2 ppm.

Compound 95:

s
- O= -
AQ

An orange solid; 35%; CC: (SiO2; 1:9 EtOAc : c-hexane); Rf=0.61 (SiO2; 1:9
EtOAc : c-hexane); m.p. 148-149 °C; *H NMR (400 MHz, CDCls, 298K) & = 1.32
(br. s, 24H), 4.01 (br. s, 2H), 5.32 (br. s, 2H), 7.40 (quasi d, J = 8.5 Hz, 4H), 7.49
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ppm (quasi d, J = 8.5 Hz, 4H); 3C NMR (100 MHz, CDCls, 298 K): § = 151.4,
132.3,120.4, 119.6, 89.9, 48.9, 46.2, 23.8, 19.5 ppm.

Compound 96:

At =

A shiny yellow solid; 28%; CC: (SiO2; 1:2 EtOAc : c-hexane); Rf = 0.74 (SiO2; 1:9
EtOAc : c-hexane); m.p. 109-111 °C; ;*H NMR (400 MHz, CDCls, 298 K) § =2.02
(br. s, 8H), 3.50-4.00 (m, 8H), 7.16 (quasi d, J = 8.7 Hz, 4H), 7.61 ppm (quasi d, J
= 8.7 Hz, 4H); 3C NMR (100 MHz, CDCl3, 298 K): 6 = 151.2, 137.9, 122.5 (2 x C),
89.2,51.0, 46.7, 23.9 ppm.

Compound 97:

- O—=—O-

An orange liquid; 42%; CC: (SiOgz; 1:4 EtOAc : c-hexane); Rf=0.66 (SiO2; 1:9
EtOAC : c-hexane); 'H NMR (400 MHz, CDCls, 298 K) § = 1.71 (br. s, 12H), 3.81
(br. s, 8H), 7.39 (quasi d, J = 8.6 Hz, 4H), 7.49 ppm (quasi d, J = 8.6 Hz, 4H); °C
NMR (100 MHz, CDCls, 298 K): 6 = 150.6, 137.8, 122.6 (2 x C), 89.8, 43.1, 25.4,
24.4 ppm.
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Compound 98:

A brown liquid; 34%; CC: (SiO2; 1:9 EtOAc : c-hexane); Rf = 0.63 (SiO2; 1:9 EtOAC
: c-hexane); *H NMR (400 MHz, CDCls, 298 K) 8 = 0.96 (t, J = 7.3 Hz, 6H), 1.21—
1.31 (m, 6H), 1.32-1.41 (m, 4H), 1.61-1.73 (m, 4H), 3.66-3.82 (m, 8H), 7.38 (quasi
d, J = 8.6 Hz, 2H), 7.39 (quasi d, J = 8.6 Hz, 2H), 7.48 (quasi d, J = 8.4 Hz, 2H),
7.49 ppm (quasi d, J = 8.6 Hz, 2H); 3C NMR (100 MHz, CDCls, 298 K): 6 = 150.92,
150.89, 132.3 (2 x C), 120.5 (2 x C), 119.9, 119.8, 89.94, 89.85, 65.6, 47.1, 20.3,
14.0 ppm.

Compound 99:

—
A

N-N
~{ =
N-N’

A shiny pale yellow solid; 27%; CC: (SiO2; 1:9 EtOAc : c-hexane); Rf = 0.3 (SiOy;
1:9 EtOAc : c-hexane); m.p. 77-79 °C; 'H NMR (400 MHz, CDCls, 298 K) & =
1.19-1.43 (m, 18H), 3.78 (q, J = 7.1 Hz, 4H), 3.88-4.20 (m, 1H), 5.14-5.47 (m, 1H)
7.40 (quasi d, J = 8.5 Hz, 4H), 7.48 (quasi d, J = 8.6 Hz, 2H), 7.49 ppm (quasi d, J
= 8.5 Hz, 2H); *C NMR (100 MHz, CDCls, 298 K): 6 = 151.4, 150.9, 132.3 (2xC),
120.5, 120.3, 120.0, 119.5, 90.0, 89.8, 47.9, 23.8, 19.2, 12.9 ppm.

Compound 100:

62



—
N-N
OO
CN—N'

A dark brown solid; 32%; CC: (SiOg; 1:9 EtOAc : c-hexane); Rs=0.51 (SiO2; 1:9
EtOAC : c-hexane); m.p. 124-125°C; H NMR (400 MHz, CDCls, 298 K) & =1.20—
1.35 (m, 6H), 1.96-2.10 (m, 4H), 3.70-3.88 (m, 8H), 7.42 (quasi d, J = 8.6 Hz, 4H),
7.50 ppm (quasi d, J = 8.5 Hz, 2H), 7.52 ppm (quasi d, J = 8.3 Hz, 2H); °C NMR
(100 MHz, CDCls, 298 K): 6 = 151.1, 150.9, 132.3, 132.2, 120.5, 120.4, 120.0,
199.0, 90.0, 89.9, 50.2, 52.1, 23.9 (2xC) ppm.

Compound 101:

—
N-N
O =)
N-N’

An orange liquid; 28%; CC: (SiO2; 1:9 EtOAc : c-hexane); R = 0.23 (SiOz; 1:9
EtOAc : c-hexane); *H NMR (400 MHz, CDCls, 298 K) & = 1.22-1.33 (m, 6H),
1.65-1.80 (m, 6H), 3.72-3.82 (m, 8H), 7.40 (quasi d, J = 8.5 Hz, 2H), 7.42 (quasi d,
J=8.5Hz, 2H), 7.48 (quasi d, J = 8.5 Hz, 2H), 7.50 ppm (quasi d, J = 8.5 Hz, 2H);
13C NMR (100 MHz, CDCls, 298 K): 6 = 150.9, 150.5, 132.3 (2xC), 120.6, 120.5,
120.4, 119.8,90.2, 89.8, 50.1, 42.7, 25.5, 24.5 ppm.

5.2.3 General Synthetic Procedure for Symmetrical Dimers

In a 50 ml round bottom flask Cul (0.005 mmol, 0.01 equiv.) was dissolved in 8 ml
DCM, and when color of the reaction turned to blue, tetramethylethylenediamine
(0.015 mmol, 0.03 equiv.), and 86 (1.00 mmol, 2 equiv.) was added subsequently.
The reaction was stirred at 25 °C overnight, after removing solvent under reduced
pressure, column chromatography (CC) (SiOz; 1:9 EtOAc : c-hexane) gave 107-110

in 17-33% yields.!8
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Compound 107:

—

N-N

— lNN N
N-N’

_/

A dark yellow solid; 28%; CC: (SiO2; 1:9 EtOAc : c-hexane); Rf = 0.23 (SiO; 1:9
EtOAC : c-hexane); m.p. 119-122 °C; *H NMR (400 MHz, CDCls, 298 K) 6 = 1.28
(t, J = 6.3 Hz, 12H); 3.78 (g, J = 7.2 Hz, 8H), 7.40 (quasi d, J = 8.5 Hz, 4H), 7.50
ppm ( quasi d, J = 8.5 Hz, 4H); *C NMR (100 MHz, CDCls, 298 K): § = 151.8,
133.3,120.6, 118.0, 82.5, 74.1, 49.0, 42.0, 13.7, 12.1 ppm.

Compound 108:

-
==
4&

A brown solid; 33%; CC: (SiO2; 1:9 EtOAc : c-hexane); Rf = 0.5 (SiO2; 1:9 EtOAc
: c-hexane); m.p. 172-173 °C; *H NMR (400 MHz, CDCl3, 298 K) & = 1.20-1.42
(m, 24H), 4.01 (br. s, 2H), 5.30 (br. s, 2H), 7.37 (quasi d, J = 8.6 Hz, 4H), 7.48 ppm
(quasi d, J = 8.6 Hz, 4H); 3C NMR (100 MHz, CDCls, 298 K): 6 = 152.3, 133.4,
120.4, 117.6, 82.5, 74.0, 49.0, 46.4, 27.0, 24.4, 19.5 ppm.

Compound 109:

ot Or==0+"

A dark yellow solid; 22%; CC: (SiO2; 1:9 EtOAc : hexanes); R = decomp. 233-235
°C; 'H NMR (400 MHz, CDCls, 298 K) & = 2.04 (br. s, 8H), 3.50-4.00 (m, 8H),
7.37 (quasi d, J = 8.6 Hz, 4H), 7.48 ppm (quasi d, J = 8.6 Hz, 4H); *C NMR
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(100 MHz, CDCls, 298 K): 6 = 152.0, 133.4, 133.2, 120.5, 82.5, 74.2, 51.3, 46.6,
29.8, 23.9 ppm.

Compound 110:

D=0

An orange solid; 17%; CC: (SiO2; 1:9 EtOAc : c-hexane); Rf=0.43 (SiOz; 1:9
EtOAc : c-hexane); decomp. 227-229 °C; *H NMR (400 MHz, CDCls, 298 K) & =
1.71 (s, 12H), 3.81 (s, 8H), 7.39 (quasi d, J = 8.5 Hz, 4H), 7.49 ppm (quasi d, J = 8.5
Hz, 4H); *C NMR (100 MHz, CDCls, 298 K): ¢ = 151.4, 133.4, 120.7, 118.5, 82.4,
74.3,37.1, 25.6, 24.5 ppm.

5.2.4 General Synthetic Procedures for Unsymmetrical Dimers

In a 50 ml round bottom flask Cul (0.005 mmol, 0.01 equiv.) was dissolved 8 ml
CHCI; : 1,4 dioxane mixture solvent ( 3 : 1 CHCIl; : 1,4 dioxane) and
tetramethylethylenediamine (0.015 mmol, 0.03 equiv.) was added at 50 °C. Reagents
86c and 86a were added to the mixture and the reaction was left to be stirred
overnight. The next day the resulting solution was cooled to room temperature and
8 ml of CHCIz was added. The mixture was washed with 6 ml of saturated NH4Cl
solution and dried over Mg.SQOa. After purification with (CC) (SiOz; 1:9 EtOAc :
hexanes) the products 111, and 112 were obtained in 36% and 22% Yyields

respectively. Symmetrical product 107 yielded in a trace amount.
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Compound 111:

A brown liquid; 36%; CC: (SiO; 1:9 EtOAc : c-hexane); R = 0.6 (SiO2; 1:9 EtOAc
: c-hexane); *H NMR (400 MHz, CDCls, 298 K) & = 0.95 (t, J = 7.3 Hz, 6H), 1.20—
1.30 (m, 6H), 1.31-1.41 (m, 4H), 1.61-1.73 (m, 4H), 3.66-3.72 (m, 4H), 3.75-3.81
(m, 4H), 7.34 (quasi d, J = 8.3 Hz, 2H), 7.37 (quasi d, J = 8.3 Hz, 2H), 7.49 ppm
(quasi d, J = 8.3 Hz, 4H); 13C NMR (100 MHz, CDCls, 298 K): 5 = 151.78, 151.76,
133.4 (2xC), 120.54, 120.52, 118.0, 117.8, 83.0, 82.5, 74.11, 74.06, 54.90, 54.54,
46.9(2xC), 20.4, 20.0, 13.95(2xC) ppm.

Compound 112:

z
OO

A brown oily liquid; 22%; CC: (SiO2; 1:9 EtOAc : c-hexane); R¢=0.75 (SiOz; 1:9
EtOAC : c-hexane); *H NMR (400 MHz, CDCls, 298 K) § =0.95 (t, J = 7.3 Hz, 12H),
1.30-1.40 (m, 8H), 1.60-1.70 (m, 8H), 3.70 (t, J = 7.0 Hz, 8H), 7.32 ppm (quasi d,
J=8.6 Hz, 4H), 7.46 ppm (quasi d, J = 8.5 Hz, 4H).
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5.2.5 Synthetic Procedure for Diphenylacetylene

In a 100 mL round bottom flask compound 104 (0.50 mmol, 1 equiv.), bis
(triphenylphosphine) palladium (I1) dichloride (0.015 mmol, 0.03 equiv.) and copper
iodide (0.015 mmol, 0.03 equiv.) were added. The flask was flushed with nitrogen
for 30 minutes, triethylamine (15 mL) added via syringe into flask and flushed with
nitrogen for an additional 30 minutes, followed by addition of 105 (0.55 mmol, 1.1
equiv.). After stirring overnight at 25 °C, the solvents were removed under reduced
pressure, target coupled alkyne 103 were isolated in 81% yield by performing
column chromotograhy (CC) (SiO2; 1:9 EtOAc : hexanes). Spectral data is in

consistent with literature.!®

Compound 103:

A yellow solid; 81%; CC: (SiOz2; 1:9 EtOAc : hexanes); Rf = 0.71 (SiO3; 1:9 EtOAc
: hexanes); *H NMR (400 MHz, CDCls, 298 K) & = 7.34-7.36 (m, 6H), 7.53-7.55
ppm (m, 4H); 13C NMR (100 MHz, CDCls, 298 K) § 131.7, 128.5, 128.4, 123.4, 89.5

ppm.

5.2.6 Synthetic Procedure for 1,4-diphenylbuta-1,3-diyne

In a 50 ml round bottom flask Cul (0.005 mmol, 0.01 equiv.) was dissolved in 8 ml
DCM, and when color of the reaction turned to blue, tetramethylethylenediamine
(0.015 mmol, 0.03 equiv.), and 105 (1.00 mmol, 2 equiv.) were added subsequently.
The reaction was stirred at 25 °C overnight, after removing solvent under reduced
pressure, column chromatography (CC) (SiO2; 1 : 9 EtOAc : hexanes) gave 114 in

86% yield.[*??! Spectral data is in consistent with literature.*?°
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Compound 114:

A white crystal solid; 86%; CC: (SiO2; 1:9 EtOAc : hexanes); Rf=0.71 (SiOq; 1:9
EtOAC : hexanes); ‘H NMR (400 MHz, CDCl3, 298 K) & = 7.52—7.54 (m, 6H), 7.32—
7.40 ppm (m, 4H); 3C NMR (100 MHz, CDCls, 298 K) & = 132.6, 129.4, 128.6,
121.9,81.7, 74.0 ppm

5.2.7 Synthetic procedures for CA-RE products

Compound 122

T

)

Target synthesis was carried out by following the literature. 4-iodoaniline 83 (1.00
g, 4.57 mmol), iodoethane (1.51 mL, 18.86 mmol) and sodium carbonate (1.14 g,
10.73 mmol) mixed in DMF (15 mL) at 70 °C for 14 h. Then, the solution was diluted
with water (50 mL) and extracted with EtOAc (50 mL). After the organic phase was
washed with brine (50 mL), it was dried over MgSQ4 and evaporated under vacuum.
The target product 122 was obtained after column chromatography (SiO2; hexanes )
as pale yellow oil. [(1.11 g, 88%; Rs = 0.72 (SiO; hexanes)]. *H NMR (400 MHz,
CDCls, 298 K) 6 = 1.14 (t, J = 7.1 Hz, 6H), 3.32 (q, J = 7.1 Hz, 4H), 6.45 (quasi d,
J =9.0 Hz, 2H), 7.43 ppm (quasi d, J = 9.0 Hz, 2H); **C NMR (100 MHz, CDCls,
298 K) 0 = 147.7, 138.2, 114.6, 76.1, 44.8, 12.8 ppm. Spectral data were consistent

with literature.1?
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Compound 123

T™MS

Kf
/\N

J

In a 100 mL round bottom flask compound 122 (1.00 mmol, 1 equiv.), bis
(triphenylphosphine) palladium (I1) dichloride (0.03 mmol, 0.03 equiv.) and copper
iodide (0.03 mmol, 0.03 equiv.) were added. The flask was flushed with nitrogen for
30 minutes, triethylamine (15 mL) added via syringe into flask and flushed with
nitrogen for an additional 30 minutes, followed by addition of trimethylsilyacetylene
(1.1 mmol, 1.1 equiv.). After stirring overnight at 25 °C, the solvents were removed
under reduced pressure, target TMS-protected alkynes 123 were isolated in 86%
yields by performing column chromotograhy (CC) (SiO2; 1:9 EtOAc : hexanes).
[(211 mg, 86%; R = 0.4 (SiOz; 1:9 EtOAc:hexanes)]. *H NMR (400 MHz, CDCls,
298 K): 6 = 0.23 (s, 9H), 1.16 (t, J = 7.1 Hz, 6H), 3.35 (q, J = 7.1 Hz, 4H), 6.55
(quasi d, J = 9.0 Hz, 2H), 7.31 ppm (quasi d, J = 9.0 Hz, 2H). Spectral data was

consistent with literature.'?

Compound 124

K/
/\N

J

TMS-protected alkyne 123 (1.00 mmol, 1 equiv.) were dissolved in methanol (15
mL). Then, potassium carbonate (3.30 mmol, 3.30 equiv.) was added to this solution.
After filtration, evaporation, and column chromatography (CC) (SiO2; 1:9 EtOAc :
hexanes) terminal alkyne 124 were obtained in 81% yields. *H NMR (400 MHz,
CDCls, 298 K): 0 = 1.17 (t, J = 7.0 Hz, 6H), 2.97 (s, 1H), 3.35 (q, J = 7.1 Hz, 4H),
6.58 (quasi d, J = 9.0 Hz, 2H), 7.34 ppm (quasi d, J = 9.0 Hz, 2H). Spectral data was

consistent with literature.'?
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5.2.8 General Synthetic Procedures for DEA-substituted Coupling Products

In a 100 mL round bottom flask compound 84a-e (1.00 mmol, 1 equiv.), bis
(triphenylphosphine) palladium (I1) dichloride (0.03 mmol, 0.03 equiv.) and copper
iodide (0.03 mmol, 0.03 equiv.) were added. The flask was flushed with nitrogen for
30 minutes, triethylamine (15 mL) added via syringe into flask and flushed with
nitrogen for an additional 30 minutes, followed by addition of 124 (1.10 mmol, 1.10
equiv.). After stirring overnight at 25 °C, the solvents were removed under reduced
pressure, target coupled alkynes 125-129 were isolated in 56-78% vyields by
performing column chromotograhy (CC) (SiO2; 1:9 EtOAc : hexanes).

Compound 125

- \
<“N:N)

A yellow solid; 56%; CC: (SiOg; 1:9 EtOAc : hexanes); R¢=0.51 (SiO; 1:9 EtOAc
: hexanes); m.p. 116-118 °C; *H NMR (400 MHz, CDCl3, 298 K) 6 = 1.18 (t, J =
7.1 Hz, 6H), 1.27 (t, J = 7.0 Hz, 6H), 3.37 (9, J = 7.0 Hz, 4H), 3.77 (9, J = 7.1 Hz,
4H), 6.61 (quasi d, J = 8.7 Hz, 2H), 7.37 (quasi d, J = 8.7 Hz, 4H), 7.45 ppm (quasi
d, J = 8.7 Hz, 2H); *C NMR (100 MHz, CDCls, 298 K) § = 150.5, 147.6, 133.0,
132.0, 120.8, 120.5, 111.5, 109.6, 90.6, 87.8, 44.5, 12.7 ppm; HRMS: m/z calcd for
C22H28N4™: 349.2392; found: 349.2392 [M + H]".

70



Compound 126

N
E‘NN)

A brown solid; 67%; CC: (SiO2; 1:9 EtOAc : hexanes); Rs=0.61 (SiO2; 1:9 EtOAc
: hexanes); m.p. 120-121 °C; *H NMR (400 MHz, CDCls, 298 K) § = 0.97 (t, J =
7.4 Hz, 6H), 1.18 (t, J = 7.1 Hz, 6H), 1.32-1.44 (m, 4H), 1.61-1.70 (m, 4H), 3.37 (q,
J=7.1Hz, 4H), 3.70 (t, J = 7.4 Hz, 4H), 6.62 (quasi d, J =8.9 Hz, 2H), 7.37 (quasi
d, J=8.9, Hz, 4H), 7.45 ppm (quasi d, J = 8.9 Hz, 2H); *C NMR (100 MHz, CDCls,
298 K) 6 = 150.5, 147.5, 133.0, 132.0, 120.6, 120.4, 111.4, 109.5, 90.6, 87.8, 44.5,
29.3, 20.4, 20.4, 14.0, 12.7 ppm; HRMS: m/z calcd for C26H3sN4": 405.3018; found:
405.3018[M + H]".

Compound 127

D=

A pale yellowish green solid; 71%; CC: (SiO2; 1:9 EtOAc : hexanes); Rf=0.46
(SiO2; 1:9 EtOAC : hexanes); 130-131 °C; *H NMR (400 MHz, CDCls, 298 K) 6 =
1.18 (t, J = 7.1 Hz, 6H), 2.00-2.10 (m, 4H), 3.37 (g, J = 7.0 Hz, 4H), 3.75-3.85 (m,
4H), 6.61 (quasi d, J = 8.8 Hz, 2H), 7.36-7.39 (m, 4H), 7.46 ppm (quasi d, J = 8.8
Hz, 2H); 13C NMR (100 MHz, CDCls, 298 K) & = 150.6, 147.5, 133.0, 132.1, 120.8,
120.4, 111.4, 109.5, 90.7, 87.7, 44.5, 23.9, 12.7 ppm; HRMS: m/z calcd for
Ca2H26N4™: 347.2236; found: 347.2236 [M + H]".
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Compound 128

4( -N
L=

A pale yellow solid; 58%; CC: (SiO2; 1:9 EtOAc : hexanes); Rs=0.53 (SiO2; 1:9
EtOAC : hexanes); m.p. 101-102 °C; *H NMR (400 MHz, CDCls, 298 K) § =1.18
(t, J=7.1Hz, 6H), 1.22-1.40 (m, 12H), 3.37 (q, J = 7.1 Hz, 4H), 4.00-4.10 (m, 1H),
5.20-5.35 (m, 1H), 6.62 (quasi d, J = 8.6 Hz, 2H), 7.38 (quasi d, J = 8.6 Hz, 4H),
7.46 ppm (quasi d, J = 8.6 Hz, 2H); *C NMR (100 MHz, CDCls, 298 K) § = 151.0,
1475, 133.0, 132.0, 120.3, 120.1, 111.4, 109.5, 90.4, 87.9, 56.9, 44.5, 20.0, 12.7
ppm; HRMS: m/z calcd for C24H32N4™: 377.2701; found: 377.2705 [M + H]".

Compound 129

A pale yellow solid; 78%; CC: (SiO2; 1:9 EtOAc : hexanes); Rf=0.52 (SiO2; 1:9
EtOAC : hexanes); m.p. 133-134 °C; 'H NMR (400 MHz, CDCls, 298 K) § = 1.18
(t, J = 7.0 Hz, 6H), 1.71 (br. s, 6H), 3.37 (q, J = 6.9, 4H), 3.70-3.85 (m, 4H), 6.61
(quasi d, J = 8.5 Hz, 2H), 7.39 (quasi d, J = 8.7 Hz, 4H), 7.46 ppm (quasi d, J = 8.5
Hz, 2H); *C NMR (100 MHz, CDCls, 298 K) § = 150.0, 147.6, 133.0, 132.1, 121.3,
120.6, 111.4, 109.5, 90.9, 87.7, 60.7, 44.5, 25.5, 24.5, 12.7 ppm; HRMS: m/z calcd
for CasH2sN4™: 361.2392; found: 361.2392 [M + H]*.
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5.2.9 General Synthetic Procedures for CA-RE Products 130-134

A solution of 125-129 (1.5 mmol, 1 equiv.) and TCNE (1.5 mmol, 1 equiv.) in
dichloromethane (8 mL) was stirred at 25 °C until complete consumption of starting
material based on TLC analysis. After evaporation of the solvent, the obtained
product 130-134 was purified by column chromatography (CC) (SiO2; DCM) and
yielded in between 95-99%.

Compound 130

NC

(N—NN / CN >
{ N)
CN

Yield : 97%; dark red; CC: (SiO2; DCM); R = 0.34 (SiO2; DCM ); m.p. 96-97 °C;
'H NMR (400 MHz, CDCls, 298 K) & = 1.20-1.30 (m, 9H), 1.36 (t, J = 6.9 Hz, 3H),
3.48 (g, J = 7.1 Hz, 4H), 3.83 (q, J = 7.2 Hz, 4H), 6.68 (quasi d, J = 9.4 Hz, 2H),
7.51 (quasi d, J = 8.9 Hz, 2H), 7.70-7.90 ppm (m, 4H); 3C NMR (100 MHz, CDCls,
298 K) 6 = 168.1, 163.9, 156.6, 152.7, 133.1, 131.4, 127.8, 121.6, 118.1, 114.8,
113.7, 113.3, 112.4, 112.0, 82.44, 73.74, 49.91, 45.23, 42.19, 14.50, 12.68, 11.29
pPPM; Amax (¢) = 454 (44432); (HRMS: m/z calcd for CasH2sNs™: 477.2515; found:
477.2502 [M + H]".

Compound 131

4( NG
N-N ,)—CN >
N
O g
CN

Yield : 99%; dark red; CC: (SiO2; DCM); Rt = 0.6 (SiO2; DCM ); m.p. 108-109 °C;

IH NMR (400 MHz, CDCls, 298 K) 5 = 1.22-1.28 (m, 12H), 1.40 (d, J = 6.5 Hz,
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6H), 3.48 (9, J = 7.1 Hz, 4H), 4.05-4.11 (m, 1H), 5.34-5.40 (m, 1H), 6.68 (quasi d,
J =9.4 Hz, 2H), 7.51 (quasi d, J = 8.9 Hz, 2H), 7.75-7.84 ppm (m, 4H); 1*C NMR
(100 MHz, CDCls, 298 K) 6 = 168.0, 163.9, 157.1, 152.7, 133.0, 131.4, 127.40,
121.4, 118.0, 114.8, 113.7, 113.4, 112.5, 112.0, 82.0, 73.7, 50.3, 47.6, 45.2, 24.0,
19.4, 12.7 ppm; Amax (&) = 465 (55254); HRMS: m/z calcd for CaoHs2Ns*: 505.2828;
found: 505.2811 [M + H]".

Compound 132

§N N / CN

Sacades
A dark red; 99%; CC: (SiO2; DCM); R = 0.81 (SiO2; DCM); m.p. 135-136 °C; *H
NMR (400 MHz, CDCls, 298 K) & = 0.94-0.98 (m, 6H), 1.24 (t, J = 7.1 Hz, 6H),
1.33-1.40 (m, 4H), 1.59-1.70 (m, 4H), 3.48 (9, J = 7.1 Hz, 4H), 3.76 (t, J = 7.3 Hz,
4H), 6.68 (quasi d, J = 9.4 Hz, 2H), 7.50 (quasi d, J = 8.9 Hz, 2H), 7.70-7.85 ppm
(m, 4H); 13C NMR (100 MHz, CDCls, 298 K) & = 168.0, 163.8, 156.6, 152.7, 133.0,
131.3, 127.5,121.5,117.9, 114.8, 113.8, 113.3, 112.4, 112.0, 82.2, 73.5, 55.2, 47.5,

45.2,30.9, 28.1, 20.6, 19.9, 13.8, 13.7, 12.6 ppm; Amax () = 467 (60651); HRMS:
m/z calcd for Ca2H3sNs*™: 533.3141; found: 533.3125 [M + H]".

Compound 133

CN—I\\{ NC/ CN B
O !

CN

74



A dark red; 96%; CC: (SiO2; DCM); Rs = 0.44 (SiO2; DCM ); m.p. 108-109 °C; 'H
NMR (400 MHz, CDCls, 298 K) 6 = 1.25 (t, J = 7.1 Hz, 6H), 1.70-1.85 (m, 6H),
3.48 (q, J = 7.1 Hz, 4H), 3.80-4.00 (m, 4H), 6.68 (quasi d, J = 9.4 Hz, 2H), 7.52
(quasi d, J = 8.8 Hz, 2H), 7.78-7.80 ppm (m, 4H); 3C NMR (100 MHz, CDCls,
298 K) 6 = 168.1, 163.8, 156.3, 152.7, 133.0, 131.3, 128.0, 121.6, 118.0, 114.8,
113.7, 113.2,112.3, 112.0, 82.7, 73.7, 53.9, 45.2, 44.4, 26.6, 24.8, 24.3, 12.7 ppm;
Amax (€) = 461 (46016); HRMS: m/z calcd for Co9H2sNs™: 489.2499; found: 489.2515
[M + H]".

Compound 134

DN
O
oN
Yield : 96%; dark red; CC: (SiO2; DCM); Rf=0.34 (SiO2; DCM ); m.p. 127-128
°C; 'H NMR (400 MHz, CDCl3, 298 K) § = 1.25 (t, J = 7.1 Hz, 6H), 2.13-2.01 (m,
4H), 3.48 (9, J=7.1 Hz, 4H), 3.71 (t, J = 6.1 Hz, 2H), 3.98 (t, J = 5.8 Hz, 2H), 6.68
(quasi d, J = 8.9 Hz, 2H), 7.50 (quasi d, J = 8.9 Hz, 2H), 7.78 ppm (quasi d, J = 8.9
Hz, 4H); 3C NMR (100 MHz, CDCls, 298 K) 5 = 168.0, 163.9, 156.8, 152.7, 133.0,
131.4,127.8,121.5,118.1, 114.8, 113.7,113.2, 112.4, 112.0, 82.5, 73.8, 51.9, 47.2,
45.2,24.0, 23.6, 12.7 ppm; Amax (¢) = 459 (51149); HRMS: m/z calcd for C2sH26Ns™:
475.2359; found: 475.2360 [M + H]".

5.2.10 General Synthetic Procedures for CA-RE Products 135-139

A solution of 125-129 (1.5 mmol, 1 equiv.) and TCNQ (1.5 mmol, 1 equiv.) in
dichloromethane (8 mL) was stirred at 25 °C until complete consumption of starting

material based on TLC analysis. After evaporation of the solvent, the obtained
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product 135-139 was purified by column chromatography (CC) (SiO2; DCM) and
yielded in between 95-99%.

Compound 135

( NC,

N—I\‘I\N )—CN

OO
o

NC /
CN

A dark green; 97%; CC: (SiOz; DCM); Rt = 0.38 (SiO2; DCM ); m.p. 220-221 °C;
'H NMR (400 MHz, CDCl3, 298 K) & = 1.23-1.26 (m, 9H), 1.32-1.36 (m, 3H), 3.47
(9,J=7.0Hz, 4H), 3.81(q, J = 7.0 Hz, 4H), 6.69 (quasi d, J = 9.1 Hz, 2H), 6.96 (dd,
J=95, 1.9 Hz, 1H), 7.12 (dd, J = 9.5, 1.9 Hz, 1H), 7.20-7.35 (m, 3H), 7.45 (quasi
d, J=9.1, 2H); 7.54 (dd, J = 9.6, 1.9 Hz, 1H), 7.70 ppm (quasi d, J = 9.1 2H); 13C
NMR (100 MHz, CDCls, 298 K) 6 = 171.8, 155.9, 154.5, 153.2, 151.3, 136.0, 135.1,
134.7, 131.5, 131.0, 130.5, 124.9, 1245, 1235, 121.4, 115.4, 115.2, 113.9, 113.1,
112.4,83.5,69.9, 49.8,45.1,42.1, 14.5, 12.8, 11.3 ppm; Amax (€) = 338 (20100), 404
(30098), 461 (26434), 691 nm (40519 Mt cm™); HRMS: m/z calcd for CssH32Ns™
553.2828; found: 553.2829 [M + H]".

Compound 136

‘QN—NN / CN >
J O N
e )

NC /
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A dark green; 99%; CC: (SiO2; DCM); Rt =0.26 (SiO2; DCM ); m.p. 166-168 °C;
'H NMR (400 MHz, CDCls, 298 K) § = 1.10-1.30 (m, 12H), 1.37 (t, J = 7.4 Hz, 6H),
3.40-3.55 (m, 4H), 4.03-4.09 (m, 1H), 5.31-5.38 (m, 1H), 6.69 (quasi d, J = 9.2,
2H); 6.97 (dd, J = 9.5, 1.8 Hz, 1H), 7.12 (dd, J = 9.5, 1.8 Hz, 1H), 7.24-7.31 (m,
3H), 7.46 (quasi d, J = 8.8, 2H), 7.54 (dd, J = 9.5, 1.9 Hz, 1H), 7.70 ppm (quasi d, J
= 8.8, 2H); °C NMR (100 MHz, CDCls, 298 K) & = 171.7, 156.4, 154.5, 153.3,
151.3, 136.0, 135.1, 134.8, 131.5, 131.0, 130.2, 124.9, 124.5, 123.5, 121.2, 115.4,
115.2, 114.0, 113.2, 112.4, 83.1, 70.0, 50.1, 47.4, 45.1, 31.1, 24.0, 19.4, 12.8 ppm;
Amax (€) = 337 (20631), 406 (31361), 463 (28758), 691 nm (42798 Mt cm™); HRMS:
m/z calcd for CasH3sNs™: 581.3141; found: 581.2789 [M + H]".

Compound 137

A dark green; 99%; CC: (SiO2; DCM); Rf=0.28 (SiO2; DCM ); m.p. 227-229 °C;
'H NMR (400 MHz, CDCls, 298 K) & = 0.92-0.96 (m, 6H), 1.24 (t, J = 6.6 Hz, 6H),
1.22-1.39 (m, 4H), 1.55-1.73 (m, 4H), 3.47 (q, J = 6.6 Hz, 4H), 3.73-3.74 (m, 4H),
6.69 (quasi d, J = 7.7, 2H), 6.97 (d, J = 9.5 Hz, 1H), 7.11 (d, J = 9.5 Hz, 1H), 7.24—
7.30 (m, 3H), 7.41-7.48 (m, 2H), 7.54 (d, J = 9.5 Hz, 1H), 7.70 ppm (quasi d, J =
8.6, 2H); 3C NMR (100 MHz, CDCl3, 298 K) 8 =171.7, 156.0, 154.5, 153.3, 151.3,
136.0, 135.1, 134.7, 131.5, 131.0, 130.4, 124.9, 124.5, 123.5, 121.4, 115.4, 115.2,
114.0, 113.2, 112.4, 83.3, 69.7, 55.2, 47.4, 45.1, 31.0, 28.1, 20.6, 19.9, 13.9, 13.8,
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12.7 ppm; Amax (€) = 338 (17142), 409 (27303), 464 (25246), 692 nm (37003 M*
cm™1); HRMS: m/z calcd for CsgHaoNs*: 609.3454; found: 609.3426 [M + H]".

Compound 138

CN—I\{\ NC/ CN >
) O % O N
7 )

Ne—/

CN

A dark green; 96%; CC: (SiO2; DCM); (SiO2; DCM); R = 0.19 (SiO2; DCM); m.p.
233-234 °C; 'H NMR (400 MHz, CDCls, 298 K) § = 1.24 (t, J = 6.8 Hz, 6H), 1.65-
1.82 (m, 6H), 3.46 (g, J = 6.8 Hz, 4H), 3.86 (br. s, 4H), 6.68 (quasi d, J = 8.8, 2H),
6.96 (d, J = 9.5 Hz, 1H), 7.11 (d, J = 9.5 Hz, 1H), 7.20-7.30 (m, 3H), 7.46 (quasi d,
J=8.3, 2H), 7.53 (d, J = 9.5 Hz, 1H), 7.69 ppm (quasi d, J = 8.5, 2H); 1*C NMR
(100 MHz, CDCls, 298 K) 6=171.8, 155.6, 154.4, 153.1, 151.2, 136.0, 135.1, 134.7,
1315, 131.2, 130.9, 125.0, 124.6, 123.6, 121.4, 115.3, 115.2, 113.9, 113.1, 112.4,
83.8,70.2,53.7, 45.2, 44.1, 31.1, 26.6, 24.7, 24.3, 12.8 ppm; hmax (€) = 336 (21457),
405 (30689), 460 (27829), 692 nm (42198 Mt cm™): HRMS: m/z calcd for
CssH32Ng*: 565.2828 ; found: 565.2830 [M + H]*.

Compound 139

OO )
/ )
.

ne—
CN
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A dark green; 95%; CC: (SiOz; DCM); Rf = 0.15 (SiO2; DCM); m.p. 229-230 °C;
'H NMR (400 MHz, CDCls, 298 K) 6 = 1.24 (t, J = 7.1 Hz, 6H), 2.02-2.12 (m, 4H),
3.47 (q,J=7.1 Hz, 4H), 3.68 (t, J =5.8 Hz, 2H), 3.96 (t, J = 5.7 Hz, 2H), 6.69 (quasi
d, J=9.2, 2H), 6.96 (dd, J = 9.5, 1.8 Hz, 1H), 7.12 (dd, J = 9.5, 1.8 Hz, 1H), 7.24—
7.30 (m, 3H), 7.45 (quasi d, J = 9.2, 2H), 7.53 (dd, J = 9.6, 1.9 Hz, 1H), 7.69 ppm
(quasi d, J = 8.2, 2H); 3C NMR (100 MHz, CDCls, 298 K) § = 171.5, 155.9, 154.2,
152.9, 151.0, 135.7, 134.9, 134.5, 131.3, 130.9, 130.4, 124.7, 124.3, 123.3, 121.1,
115.1,114.9, 113.7,112.9, 112.1, 83.3, 69.9, 51.6, 46.9, 44.9, 23.7, 23.4, 12.5 ppm;
Amax (€) = 337 (18958), 400 (26365), 462 (24124) 690 nm (36158 Mt cm™); HRMS:
m/z calcd for CasH3oNs™: 551.2672; found: 551.2648 [M + H]".
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APPENDICES

A. 'H and *C NMR Spectra
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Figure 22. *'H NMR spectrum of crude 87 in CDClIs solution (400 MHz).
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Figure 23. 'H NMR spectrum of 87 in CDCls solution (400 MHz).
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Figure 24. *C NMR spectrum of 87 in CDCls solution (100 MHz).
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Figure 25. *"H NMR spectrum of crude 88 in CDCls solution (400 MHz).
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Figure 26. 'H NMR spectrum of 88 in CDCls solution (400 MHz).
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Figure 36. 1*C NMR spectrum of 91 in CDCls solution (100 MHz).
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Figure 37. 'H NMR spectrum of crude 92 in CDCls solution (400 MHz).
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Figure 40. *H NMR spectrum of 94 in CDCl; solution (400 MHz).
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Figure 42. 'H NMR spectrum of 95 in CDCls solution (400 MHz).
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Figure 43. *C NMR spectrum of 95 in CDCls solution (100 MHz).
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Figure 44. *H NMR spectrum of 96 in CDCls solution (400 MHz).
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Figure 45. 1*C NMR spectrum of 96 in CDCls solution (100 MHz).
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Figure 47. *C NMR spectrum of 97 in CDCls solution (100 MHz).
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Figure 48. 'H NMR spectrum of 98 in CDCls solution (400 MHz).
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Figure 51. **C NMR spectrum of 99 in CDCls solution (100 MHz).
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8.5

9.0

WHT~
Ly'ST

€€ —

$1°0S —

+¥8'9L
mﬁ.kw
8v'LL

1068~
2106~

LL6TT
ozt /
E\oﬁw
§5°0TT

€ETET —

95T~
6051~

130 120 110 100 90
f1 (ppm)
113

140

150

N-N.
=
N-N

Figure 55. 1*C NMR spectrum of 101 in CDClIs solution (100 MHz).

160




OMOMaO O
MON——nTO
VYN TR0
TRNaMmn T ©
SNANSM B0
S-S AT YOn
R R X R
AMmAHMNNNN

—

T
9.0

£4
85 80 75 70 65 60 S5 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
Figure 56. *H NMR spectrum of 103 in CDCls solution (400 MHz).
T RO
‘.1 L
1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 1‘00 ;0 éD 70 éD ;0 40 3‘0 2‘0 1‘0 ‘0 -‘10
f1 (ppm)

Figure 57. ¥*C NMR spectrum of 103 in CDClI3 solution (100 MHz).
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Figure 76. *H NMR spectrum of 127 in CDCls solution (400 MHz).
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Figure 82. *H NMR spectrum of 130 in CDCls solution (400 MHz).
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Figure 84. 'H NMR spectrum of 131 in CDCls solution (400 MHz).
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Figure 85. 1*C NMR spectrum of 131 in CDClI3 solution (100 MHz).
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Figure 86. 'H NMR spectrum of 132 in CDCls solution (400 MHz).
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Figure 87. 1*C NMR spectrum of 132 in CDClI3 solution (100 MHz).
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Figure 88. 'H NMR spectrum of 133 in CDCl5 solution (400 MHz).
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Figure 90. *H NMR spectrum of 134 in CDCls solution (400 MHz).
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Figure 92. *H NMR spectrum of 135 in CDCls solution (400 MHz).
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Figure 93. 1*C NMR spectrum of 135 in CDClI3 solution (100 MHz).
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Figure 94. *H NMR spectrum of 136 in CDCl5 solution (400 MHz).
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Figure 95. 1*C NMR spectrum of 136 in CDClI3 solution (100 MHz).
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Figure 96. *H NMR spectrum of 137 in CDCls solution (400 MHz).
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Figure 98. 'H NMR spectrum of 138 in CDCl5 solution (400 MHz).
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Figure 99. 1*C NMR spectrum of 138 in CDClI3 solution (100 MHz).
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Figure 100. *H NMR spectrum of 139 in CDCl5 solution (400 MHz).s

18—

9E'ET~_
e

68'vb —
€6'9v "
85'TS —

5869 —
09°9L
16°9L W
€TLL
0£'€8 —

€11
06°CTT
69°€TT \

;é:
80T
[0T2T~
£E°ETT
62'v71 T
zever]
9€0€T F
ow.omﬂN
9z1€T
6b'bET
[8bET
€rs€T
86051
PET
07bST—
88551~/

8V TLT —

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

180

Figure 101. **C NMR spectrum of 139 in CDClI3 solution (100 MHz)
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B. HR-MS

Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM [ DBE: min = -5.5, max = 1000.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT =9

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:22-22 H:28-29 N:44

Flora Mammadaova

34685_20211230_01-05 13 (0.518) Cm (7:17) 1: TOF MS ES+
1.92¢+005
10 349.2392
2448
51.2480
1231191 186.1674248.1464 316.2144 430.2447 4987971 gog gag 7134217 ggyqapp  B2352%0 962.6736
L LI I I o o e e e e e 14
100 200
Minimum: -5.5
Maximum: 1000.0 1000.0  1000.0
Mass Cale. Mass mDa FFM DEE i-FIT i-FIT (Morm) Formula
345.2392  349.23%2 0.0 0.0 10.5 1359.6 0.0 c22 H23 N4
Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM /[ DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:26-26 H:36-37 MN:4-4

Cagatay Dengiz

e
2“:“)

34143_20211103_11-03 1 (0.070) Cm (1:18) 1: TOF MS ES+
2 T0e+004
10 405.3018
248 1469 3079
236.1685 [248.1512 7.3120
166.1263 347.2514 503 3605 g524352  709.3869 gng sagp 578
100 200 300 400 500 600 700 800 200 1000
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calec. Mass mDa FFM DBE i-FIT i-FIT (Norm} Formula
405.3014 405.3018 0.0 0.0 10.5 354.6 0.0 C26 H3IT N4



Elemental Composition Report Page 1
Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =9

B

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:24-24 H:32-33 N:4-4

Flora Mammadova

34685 _20211230_02-03 20 (0.775) Cm (10:20) 1: TOF MS ES+
2 51e+006

377270

101

1231194 2061693 520 1529 3162161

100 200 300 400 500 700 900 1000
Mindmum: -5.5
Maximum: 1000.0 1000.0  1000.0
Mass Calec. Mass mDa PEM DBE i-FIT i-FIT {(Norm) Formula
377.2701 377.27058 -0.4 -1.1 10.5 1808.1 0.0 C24 HIZ N4
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 CN-'\\{ >
Element prediction: Off N Q = O N
Number of isotope peaks used for i-FIT =9 )
Monoisolopic Mass, Even Electron lons
1 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:22-22 H:26-27 MN:4-4
Flora Mammadova
34685_20211230_04-01 20 (0.775) Cm (13:23) 1: TOF MS ES+
6.60e+004
100+ 3472236
Bl
1 348 2293
b 248.1469
1 339.1330. |345.2330
E 174.1140, 2331232 L 43&2445_’,486_2880 509 3873 T13.4208 761 4266 BEZ 5912 995_5%
L L i o i B o L e B o B B O B e e e
100 200 300 400 500 600 700 800 1000
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Cale. Mass mDa FPM DBE i-FIT i-FIT (Morm) Formula
347.2238 347.2238 0.0 0.0 11.5 1146.0 0.0 c22  H2T N4
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Elemental Composition Report Page 1

Single Mass Analysis < :N_N >
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 N Q — O N

Element prediction: Off )
Number of isotope peaks used for i-FIT =9

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:23-23 H:28-29 N:4-4

Flora Mammadova

34685_20211230_03-02 15 (0.586) Crm (5:18) 1: TOF MS ES+

9.18e+004
100+ 361.2382

2481467

1 1231193 473 1494 316.2145

5093002 B34.4492 T75.4424 846 4437 963.6715

0 m/z
100 200 300 400 500 600 700 800 800 1000

Minimum: -5.5

Maximum: 1000.0 1000.0 1000.0

Mass Cale. Mass mDa FFM DBE i-FIT i-FIT (Norm) Formula

361.2392 361.23%2 a.0 a.0 11.5 1231.1 0.0 C23 H29 N4

Elemental Composition Report Page 1
Single Mass Analysis ( NG

Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0 N=N cN

Element prediction: Off N Q / >
Number of isotope peaks used for i-FIT = 3 < N

4

Monoisotopic Mass, Odd and Even Electron lons NC )
1 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass) CN
Elements Used:
C:28-28 H:28-29 N:8-8

Cagatay Dengiz

34143_20211103_01-02 & (0.260) Cm (1:8) 1: TOF MS ES+

7. 26e+006
1 4772502
78.2535
231.9665 304.2648 792508 TE0.5045
o 113.9671 i ) 361.1340  437.1956 530 2683 GBI 4546 7423256 - B883.4624 953 40685 miz
I 1 T 1 L) 1 1 1 T 1 L)
100 200 300 400 500 G600 T00 B00 800

Minimoam: =5.5
Maximoam: 1000.0 i0o00.0 1000.0
Mass Calc. Mass mDa FFM COEE i=FIT i=FIT (Norm) Formula
477.2502 477.2515 -1.3 -2.7 18.5 640.86 0.0 C28 H29 NB
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 N NG N
Element prediction: Off N / >
Number of isotope peaks used for i-FIT = 3 O N
Monoisotopic Mass, Even Electron lons NC / )
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass) CN
Elements Used:
C:32-32 H:36-37 N:8-8
Cagatay Dengiz
34143_20211103_03-05 11 (0.450) Cm (8:21) 1: TOF MS ES+
2 38e+005

100- 5333125

%] 5343185

1 376.1582 535.3199
ol i1g08ss _ 256.2686.282.2835 78.1629 6634542 '201-4‘:'3" a26.0017 936489967 5563
m
100 200 300 400 500 600 700 800 900 1000
Minimum: -5.5
Maximum: 1000.0  1000.0  1000.0
Mass Calc. Mass mDa FEM DEE i-FIT i-FIT (Norm) Formula
533.3125  533.3141 -1.6 -3.0 18.5 426.9 0.0 C32 H3T N8
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0 —( NC,
Element prediction: Off N-N Vs >
Number of isotope peaks used for i-FIT = 3 4< N O O N
Monoisotopic Mass, Even Electron lons NC / }
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass) CN
Elements Used:
C:30-30 H:32-33 N:8-8
Cagatay Dengiz
34143_20211103_02-06 23 (0.897) Cm (15:24) 1: TOF MS ES+
1.03e+005

100 505.2811

%—

06. 2856

J 3Tr.arey
250 1634 282 2831

1 1021309 22142
(i

527.2675
6634573  784.5765 O08.5408 8815480 945.7356

100 200 300 400 500 600 700 &00 200 10031&
Minimuam: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Cale. Mass mDa PEM DBE i-FIT i-FIT (Norm} Formula
505.2811 505.2828 -1.7 -3.4 18.5 ige.6 0.0 C30 H33 N8B
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Elemental Composition Report Page 1

Single Mass Analysis NN NC N

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 < ; N // >

Element prediction: Off O N

Number of isotope peaks used for i-FIT = 3 ne— )
CN

Monoisotopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:29-29 H:28-20 N:8-8
Cagatay Dengiz
34143_20211103_05-03 6 (0.260) Cm (1:10) 1: TOF MS ES+
1.34e+005
100 4892499
S
] 376.1579 90.2555
1 77.1635 5112362 553.455; reos
4371973 .
o] 119.0892 20.1165 87 4445 20581 g aqz0 oT7.5004
100 200 300 400 500 600 700 800 800 1000
Minimum: -5.5
Maximum: 1000.0  1000.0  1000.0
Mass Calc. Mass mDa PEM DEE i-FIT i-FIT (Norm) Formula
485 2488 485.2515 -1.86 -3.3 18.5 430.1 0.0 C29 H29 N8
Elemental Composition Report Page 1
. . NC
Single Mass Analysis CN_N N
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 N Q / 3
Element prediction: Off O N
Number of isotope peaks used for i-FIT = 8 ne—/ )
CN
Monoisotopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:28-28 H:26-27 N:8-8
Flora Mammadova
34685_20211230_09-04 11 (0.450) Cm (6:16) 1: TOF MS ES+
9.98e+004
10 475 2380
476.2420
460.2682 4625341 468.4454 4742464 77 2488 4836470 485.3365
. 463.0356 . 1365 - 489 3015
BN P30 I oSN I B Y. T O TIPS sl

460.0 462.5 465.0 467.5 470.0 4725 475.0 477.5 480.0 4825 485.0 487.5 490.0

Minimum: -5.5

Maximum: 1000.0 1000.0 1000.0

Mass Cale. Mass mDa FPM DEE i-FIT i-FIT (HMorm) Formula
475.2360 475.235% 0.1 0.2 19.5 715.4 0.0 C28 H2T NB
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Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

Page 1

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass) CN

Elements Used:

C:34-34 H:32-33 MN:8-8

Cagatay Dengiz

34143_20211103_06-05 1 (0.070) Cm (1:15)

553.2829

4 452 1882

1: TOF M5 ES+
3.57e+004

Minimum: -5.5
Maximum: 1000.0  1000.0  1000.0
Mass Calc. Mass mDa FFM DEE i-FIT i-FIT (Norm) Formula
553.2829 553.2828 0.1 0.2 22.5 262.0 0.0 C34 H33 N#
Elemental Composition Report Page 1
Single Mass Analysis NG
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 N=N CN
Element prediction: Off N Q 7 >
Number of isotope peaks used for i-FIT = 3 ) O N
Monoisotopic Mass, Even Electron lons )
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used: ot/
C:38-38 H:40-41 N:8-8 N
Cagatay Dengiz CN
34143 _20211104_08-06 4 (0.172) Cm (1:8) 1: TOF M5 ES+
8.27e+006

452 1769

10

609.3426

100 200 300 400 500 GO0

Minimum: -5.5

Maximum: 1000.0 1000.0 1000.0

Mass Calec. Mass mDa PEM CRE i-FIT
60%. 3426 0%, 3454 -2.8 -4.8 22.5 374.4
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i-FIT (Norm) Formula

0.0 C38 H41 NE



Elemental Composition Report Page 1

Single Mass Analysis —(

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 N-N, /N
Element prediction: Off _< N O >
Number of isotope peaks used for i-FIT =9 N)

4
Monoisotopic Mass, Even Electron lons O
1 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used: ne—
C:36-36 H:36-37 N:8-8 CN
Flora Mammadova
34685_20211230_10-08 9 (0.362) Cm (1:15) 1: TOF MS ES+
T.81e+004
10 581.2789
5q7 2753 599.3897
5672670 6073840
568.4637 £08.4016

5702631
5

75 2224 576.6999 609.4122

miz
560.0 565.0 570.0 575.0 580.0 585.0 50800 5950 G00.0 605.0 610.0
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FEM DEE i-FIT i-FIT (Norm) Formula
581.278%  581.3141 -35.2 -60.6 22.5 T0B.4 0.0 C36 H3T N8
Elemental Composition Report Page 1
Single Mass Analysis N NG N
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 N / >
Element prediction: Off O N
Number of isotope peaks used for i-FIT = 3 74 )
Monoisotopic Mass, Even Electron lons O
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass) /
Elements Used: NC
C:35-35 H:32-33 N:88 CN
Cagatay Dengiz
34143_20211103_10-D4 22 (0.863) Cm (13:25) 1: TOF MS ES+
9.50e+003
100+ 565.2830
=
] 313.2784.
) 282 284
270.2834, Gd 4606
0_' 119.0888 739.6144 BTH.8184 a77 .8284mr2
100 200 300 400 500 600 700 800 900 1000
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Cale. Mass mDa FFM LOEE i-FIT i-FIT (Horm) Formula
5652830 565.2828 0.2 0.4 23.5 2458 0.0 C35 H3IZ N8

143
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CN—N\ )—CN
Single Mass Analysis N Q
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

l\

Monoisotopic Mass, Even Electron lons NC 4
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass) CN
Elements Used:
C:34-34 H:30-31 MN:8-8
Cagatay Dengiz
34143 20211104_09-03 5 (0.206) Cm (1:8) 1: TOF MS ES+
9 86e+003
100+ 5512648
] 4521755
) 4391857 ——
o] 220.1105 :
] 3831378 6073809 6634512
E 176.0650
J119.089 7833478439717 9053868
. o N \ . b 2995 g73 8102
o R L I o e e o e B T
300 400 700 800 800 1000
Minimam:
Maximum: 1000.0 1000.0
Mass Cale. Mass mDa FEM DEE i-FIT i-FIT (Morm) Formula
551.2648 551.2&72 -2.4 -4._4 23.5 255.89 0.0 C34 H31 HNH
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